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PREFACE 


The purpose of this book is to supply the facts behind the 
important advances in commerciai gear-production practices 
during the past quarter century, to reiterate the basic principles 
upon v^hich the operation of the modern gear-generating machines 
and the art of gear designing are founded, and to show how and 
why transmission emciencies of 99 per cent plus have been 
attained. The book aims to meet the needs of the day, to be of 
assistance to the machine builder as well as to the gear designer. 

Twenty-hve years ago Charles H. Logue vTOte the first 
‘‘American Machinist Gear Book" with the expressed idea of 


filling a then pressing need, making the book, as be expressed 
it, one for the ‘‘man behind the machine'' and a book for the 


student of gearing. The volume proved all its author hoped, 
becoming a rkognized standard reference on gearing. It was 


revised in 1915 and again m 1922, each revision recording all 
noteworthy progress and keeping the volume well abreast of 
developments of demonstrated merit. It remaiits a valuable 
reference book, a record of achievements and upbuilding In one 


of the most important branches of the mechanic arts. 

A fourth edition of the work could well have been published, 
now that the new economic order has made it imperative for 
industry to cut all reducible costs, among the more outstanding 
of which are those concerned with the transmission and utilization 
of mechanical power, but a careful survey of the industrial 


field showed that the tempo of the times has changed; that 
the present demand is for a work of somewhat different character; 
a practical treatise on gearing that is presented simply, clearly, 
and in a manner that is helpful to the builder of gear-production 
equipment, the gear designer, and the commercial user of gears. 
The "Standard Gear Book" has been written to meet this need. 

Much of the historical backaxound of the earlier book bv 


Logue and of the revisions by Logue and Tratitschold is lacking 
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SECTION I 
TOOTH FORMS 

The trend toward higher efficiency and greater simplicity 
that maris ah real progress in the mechanic arts is well exem- 
plified in the refinements and developments characterizing the 
advance tnat iias been made in the production of modern com- 
mercial toothed gearing, hleehanical efficiencies of such high 
order as to leave little in the way of attainable improvement 
have been secured vita standard gear assemblages, and marked 
simplicity in commercial gear production has been attained 
through the general adoption of the generating method of gear- 
tooth formation and reproduction. 

The almost universal application of the principles of generation 
to the machining of gear teeth, the development chiefly respon- 
sible for the betterments in efficiencies developed by modern 
gear assemblages, has brought about such decided changes in 
commercial gear production, in fact, that the importance of 
correct gear-iooth design is apt to be overlooked. The skill 
of the gear designer seems to have been usurped by the gear- 
generating machine, vith the result that the design of the gear 
tooth, instead of serving as a model of the form desired has 
come to be looked upon as simply a chart of the tooth form 
produced. In a way this is quite natural, the skill of the 
gear designer being emdenced in the refinements incorporated 
in the gear-tooth generating machine, out this really adds to 
the importance of a thorough understanding of those basic 
laws that govern the principles of gear transmission. Familiarity 
with all standard forms of gear teeth is essential, moreover, for 
a proper appraisal of the various accepted modifications in 
gear-tooth profile curvature found to be expedient in the manu- 
facture of commercial gearuig. 
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Many forms of gear teeth and classes of gear-tootli contours 
could be used. Zvlaiij* of these u-oukl lend themselves readilv 
to reproduction by generating methods, but, as the essential 
purpose of gear teeth is to transmit motion from one shaft to 
another, usually at as uniform a speed as possible (conjugate 
gear-tooth action), and because interchangeability of gears in a 
drive assemblage is a desirable if not an essential requirement, the 
number of accepted forms is ciuite limited in commercial practice. 
Definite demands are imposed, furthermore, and these have to 
be appreciated in order to understand the reasons for, and the 
respective advantages of. the various recognized systems of 
standard gearing. 

The jjrofiie curvature of the teeth of mating gears could be 
pretty freely selected mere it not for the important fact that the 
line of gear action, or path of tooth contact, should advisably 
be sjmimetrical in respect to the pitch point of the gears: this, 
in order that the gears in a drive assemblage may be inter- 
changeable. The choice of tooth contour, consequently, is 
customarily limited to one of the more common of the regular 
geontetric curves. 

Among the first of these curves to be selected for gear-tooth 
profiles ’s\'as that of the cycloidal form: gears with teeth of such 
contour having inherently decided merits, or advantages, that 
would seem to make them highly desirable for a satisfactory 
system of commercial gearing. The engagement of meshing 
cycloidal teeth, for example, is afiectecl by pure rolling action: and 
cycloidal gears, when generated by describing circles of the same 
size, are interchangeable. Practical difiiculties in accurately 
producing these gears, however, have led to their being generally 
displaced in the field of commercial gearing by gears with teeth of 
involute profile: i.e.. the involute system of gearing. 

This transition, incidenrally, has not been so radical as might 
be supposed, for the involutes are, in reality, limiting forms of 
cycloidal curves, being generated by a describing circle of 
infinite radius. For a clear -conception of the laws of tooth 
gearing, consecpiently, familiarity mftli these two classes of 
regular geometric curves, the cycloidals and the involutes, is 
necessary. Other forms of regular curves are used occasionally 
for gear-tooth profiles in specific systems of gearing, but these 
can be taken up to better advantage when presenting expositions 
of their approved application. 
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CYCLOIDAL CURVES 

So far as the cycloidal curves are concerned, the profile of the 
tooth contour is traced by a point on the circumference of a 
describing, or generating, circle rolled above and below the 
pitch circle of the gear or the pitch line of a rack. The exterior 



gear. Ordinarily, the diameter Fig. i.— Generating the cycloidal 
of the describing circle is made toom. 


equal to the pitch radius of a 15-tooth pinion of the gear 
generated. 

In this cycloidal system of gearing, the angularity at which 
the teeth engage is not constant but varies from zero at the 
point of cycloidal origin on the pitch line to about 22 deg. in 
the case of a standard gear at the end of its engagement vdth a 
standard cycloidal rack tooth. Where the full cycloids are 
represented in the active profiles of the gears, as in cycloidal 
rotors for blowers, the pressure angle becomes so great that the 
mating rotors have to depend upon supplementary gears for 
their rotation. The chief disadvantage of the cycloidal system 
of gearing is, however, not the limitation imposed by excessive 
angularity of tooth engagement but lies rather in the practical 
difficulty of producing the teeth. 

In Fig. 1, the circuriiference of the wheel A represents the 
pitch circle of a cycloidal gear, the generating circle tracing the 
epicycloid at B and the hypocycloid at B\ the tracing point C 
being on the pitch circle at the point of origin o: the respective 
curves. The rotation of the describing circle is in the same 
direction when generating the epicycloid and hypocycloid profiles ; 
in one case roiling on the outside of the pitch circle, and in the 
other on the in.side of the same circle. 
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THE INVOLUTE 


In the involute sj'stem of gearing, the path, of action along 
which the pressure on the engaging teeth of meshing gears is 


transmitted is a straight line p 
P (Fig. 2) and tangent to the so-( 



end of the generating line roliinj 
likened to the curve traced by 


assing through the pitch point 
tailed "base circle,'' upon which 
the involute tooth profiles origi- 
nate. The inclination of this 
line, in respect to the plane 
tangent to the pitch circle at 
the pitch point, measures the 
pressure angle (angle of obliq- 
uity) of the gears, and this 
inclination is constant through- 
out the engagement of the 
meshing teeth. 

The involute contour of the 
gear teeth is described by the 
on the base circle and may be 
the end of a string unwinding 


from the circumference of the same circle. The functioning, or 


active, curvature of the tooth profile does not extend below the 


base circle, on which the involute contour of the gear teeth 


originates and on which the generating straight line rolls. In 
the case of the involute rack, the active tooth profile becomes a 
straight line normal to the line of action, or pressure ; an involute 
curve of infinite radius. 

The behavior of a pair of engaging involute gears closeh' 
resembles that which vrould occur were two pulleys of corre- 
sponding diameters comrected by an endless crossbelt, the 
point of belt-crossing depicting the contact, or pitch, pomt 
on the pitch circles of the gears, and the straight sections of the 
crossbelt the lines of action for either direction of rotation. 
This comparison of the action of a pair of engaging involute 
gears is most apt, incidentaily, for it also serves to iliu.strate a 
distinctive characteristic of the involute system of gearing, in 
respect to flexibility in the center spacing (separation of axes) of 
engaging gears. 


It is quite obvious that, if the distance separating two pulleys 
connected by an endless crossbelt should be increased or 
decreased, the obliquity of the straight runs of belt, corre- 
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sponcling to tiie lines of action of comparable engaging involute 
gears, v. ould cnange, ana tite location o: the point at ■'.yhich the 
belt sections cross,, corresponding to tne contact point of the 
gears on their pitch circles, i.e., the pitch point, would shift. 
The speed ratio oi tne transmission, on the other hand, would 
remain tne same. Similanv. it ine center distance of engaging 
involute gears should be altered slightly, the obliquity of the lines 
of action deterinining the pressure angle of the gears and the 
diameters of tne respective pitch circles are modified propor- 




tiG. 4. — Involute curve traced 
by unwir.dina string. 


on case circle. 


tionally, and there is no change in the speed ratio of the gear 
assemblage. 

This peculiarity of the involute system of gearing permits 
some little latitude in the center adjustment of mating gears, also 
of angular adjustment, without disturbing the smooth-rolling 
action of the engaging teeth, for. vvliile there is always a definite 
relationship bet’.veen the pitch diameter and the pressure angie 
of involute gears, the exact pitch diameters of engaging gears 
are established only when the gears are placed in mesh, 
hxpressed somewhat dineremly, the pitch diameters of invoiute 
gears in engagement are directly proportional to the aiameters 
of their respective base circles, and, no matter what may be the 
distance separating the centers of maxing gears, of true involute 
form or the obliquity of their pressure .angle, engagement of 
teeth occurs only along the tauigent path oi action and the relative 
rates of gear rotation remain constant. 
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The illustration showing a method of laying out an involute 
tooth profile also portraj’s the generation of the contour curve 
by the end of a line rolling on the base circle of the gear. This 
base circle is divided into any number of equal spaces, such as 



lishes definite points on the involute curve by locating suc- 
cessive positions of the generating line. The involute curve 
does not extend vvithin the base circle on which it originates, 
and a small clearance is provided for the purpose of avoiding 
interference with the teeth of a mating gear. 

I^‘TERFEREI^CE IN INVOLUTE GEARING 

The origin of the involute curve being on the base circle, and 
conjugate gear-tooth action possible only along the path of 
action on the line of pressure, the active involute tooth profile 
is a small section of the involute curve in proximity to its origin. 
The permissible working (active) profile of the involute gear 
tooth is limited, in fact, not only by the tootn proportions of its 
gear but also by the proportions of its mating gear or pinion. 

This is graphically depicted in the diagrammatic illusiraiion 
showing a 5-pitch, 15-tooth pinion mating with a 5-pitch, 
48-tooth gear and demonstrating conditions as they pertain 
with 14l<- and with 20-deg. paths of action. It will be noted 
that points F and F' on the liii- and 20-deg. pressure lines 
respectively fall within and on the addendum (outer) circle of 
the gear. Under the latter condition, the gear and pinion vail 
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mate without interference; but '.dth the proportions of the gear 
combination or the obliquity of the line of pressure such as 
to cause this important point to fall inside the addendum 
circle of the gear, interference v.’ill occur,, necessitating the 
modification of the tooth forms by undercutting the pinion teeth 
or rounding off the corners of the gear teeth in order to provide 
essential clearance. This interference may occur by reason of 



an excessive obliquity to the line of pressure,, depth of teeth, or 
speed ratio of the gear assemblage. 

The importance of these dominant considerations is well 
exemplified on the chart depicting the amount of interference 
(distance from the point: where interference commences to the 
addendum circle of the gear) occurring between a 1-pitch, 
12-tooth involute pinion and mating gears of from 10 to 135 teeth. 
Curve T . depicts conditions when IdVf-deg. standard involute 
teeth are employed; curve B, when 143'2-deg. stubbed teeth are 
used: curve C, for 20-deg. standard involute teeth; and curve D, 
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interference vrhen emploj'ing 20-deg. stubbed involute teeth. 
With 14j>-2-deg. standard teeth, interference is not only evident 
for all speed ratios in excess oi unity, but it is decidedly marked, 
while with 20-deg. stubbed teeth interference commences only 
at a considerably higher speed ratio and is much less serious. 

The amounts of intei-ference developed at these particular 
speed ratios with gear combinations of other than one diametral 
pitch are obtained by dividing the values charted on the diagram 
by the diametral pitch in question, but, as the number of teeth 
on the pinion member is an influencing consideration, an equation 



Fig. 10.— Involute interference befsceen 12-tooth, 1 dianieirs.1 pitch, pinion and 
ranting gears vrith from 10 to 135 teeth. 

of universal application, giving the limiting maximum outside 
(addendum) radii of mating gear and pinion that will avoid 
interference, is found much more convenient [see formulas (1) 
and (I")]- 

In Fig. 11; let 

OR = radius of maximum outer circle of gear without 
interference. 

or = radius of maximum outer circle of pinion without 
interference. 

CD = center distance. 

PR = pitch radius of gear. 

'pr = pitch radius of pinion. 
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BCR = base-circle radius of gear. 
her = base-circle radius of pinion. 
yP = pressure angle. 


Then 


OR = -s/iBCR}- ~ {CD X sin VP}'- 

and 

or = V(b^?FTTC5"><lurW)2 


( 1 ) 


(10 


The limiting situation occurs for externally meshing sour 
gears., obviously. v.-hen there is interference beiveen an involute 
pinion and a mating rack, i.e.. tvhen the commencement of the 


path of action on. the line of pressure (point 
the rack addendum line. Should this occur, 
conditions of pinion engagement and obliqu 


B, Fig. 12) falls inside 
as it tvill under certain 
:tj' of line of pressure, 


the customary remedy lies in shortening the rack teeth by the 
amount of the interference DC. 


In the diagrammatic depiction shoving the iirniting proximity 
of the pinion to the involute rack that vvill avoid interference 
vithout trimmiiig the rack teeth (Fig. 13), A' is the minimum 
permissible distance betveen the face of the rack and the cerder 
of the mating pinion, the equation for vhich is 


A' = her X cos TT = pr X cos' VP (2) 

where A’ = minimum distance between rack face and pinion 
center. 

pr = radius of pitch circle of pinion. 
her = base-circle radius of pinion. 

VP = pressure angle. 


PRESSURE COMPONENTS 

Since the pressure (T) on involute gear teeth is always normal 
to the tooth profile and exerted along the path of action, or line 
of pressure, it is constant as regards both direction and effective- 
ness on successive teeth. The tangential driving force Ti and 
the pressure components Tv tending to separaie the axes of 
mating gears are definite proportions of the total tooth pressure 
and both are innuenced by the obliquity o: the line of pressure. 

T — total tooth pressure. 

Ti = tangential force at pitch circle of involute gear. 

To = force tending to separate axes of mating gears. 

VP = pressure angle (obliquity of path of action). 
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T X cos (3) 

^2 = Ti X tan VP (3^) 

For a 14'^-deg. pressure angle, the tangential driving force 
is equal to the total tooth pressure multiplied by 0.96S1 and for 
a 20-deg. pressure angle to the total tooth pressure multiplied 
by 0.9397. These are the tvo obliquities of path of action most 
frequently employed in commercial gearing, and it tvill be noted 



that, while the intensity of the tangential driving force decreases 
slightly with the increase in obliquity of pressure application, the 
component force tending to separate the axes of the gears 
increases correspondingly. However, the total load on the 
bearings does not change but remains constant and equal to 
the total tooth pressure plus the load imposed by the weight 
of the gearing. This is an important consideration in the design 
of gear assemblages, for the mistake is frequently made of taking 
the load on the bearings as entailing, in addition to the weight 
of the gears, simply that component of the total tooth pressure 
tending to force the bearings apart. 


SPUR-GEAR TOOTH PARTS 

The terminology of spur gearing is employed quite universally 
for all forms and systems of gearing and. while certain specific 
terms are required for the specifications of bevel, helical, worm, 
sphal, and other special varieties of gear transmissions, familiarity 
■with the technical names of spur-gear tooth parts and important 
gear dimensions is essential for a comprehensive grasp of even 
the elements of gearing and entailed gear problems. 
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Addendum. — The addendum of a gear tootIi is ihe height 
of that part of the tooth extending outside the pitch circle. 

Dedendum. — The dedendum is the depth of the tooth inside 
the pitch circle. 

Active Profile. — The active profile of a gear tooth (involute) 


15 that part o: its protne which 
comes in contact with the profile 
of the mating tooth on the line, 
or path, of action ; he., the section 
of tooth profile that actually 
ftiiictions in transmitting motion. 

Angle of Action. — The angle of 
action is the angle through •which 
the point of contact travels on 
the line, or path of action during 
the engagement of mating gear 
teeth. 



Fig. 15. — Gear-tooth nomenclarure. 


Base Circle, — ^The base circle of an involute gear is the circle 
on ‘wliich the involute tooth profiles originate. 

Center Distance. — ^The center distance of mating gears is the 
distance between their respective centers. 

Circular Pitch. — The circular pitch of a gear is the length 
of the arc on its pitch circle corresponding to one complete 
tooth interval. 

Clearance. — The clearance is the space between the top 
of the tooth of one gear and the bottom of the tooth space of its 
gCB.r, 

Diametral Pitch. — The diametral pitch of a gear is the ratio 
of the number of its teeth to its pitch diameter. It is the number 
of teeth per inch of pitch diameter. 

Interference. — Interference is the condition that permits 
contact of teeth elsewhere than on the line, or path, of action. 

Line, or Path, of Action. — The iiatli ox action is the line 
along which the efi’ective contact between niating gear teeth 
takes place, the result of •which is the transmission of uniform 
motion from one gear to the other. 

Module. — The module of a gear is the ratio of its pitch diameter 
•with its number of teeth. It is the reciprocal of the diametral 


pitch. 

Normal Pitch. — The normal pitch of an involute gear is the 
distance between two successive tooth profiles of similar curva- 
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ture. It is equal to “lie circumierence of the base circle divided 
by the number of teeTii on the gear. 

Pitch Circle. — The piTch circle of a gear is the circle corre- 
sponding to a smooth disk that would transmit the same relative 
motion by friction. It is laagent to the pitch circle of a mating 
gear on the line of action: i.e., the line o: action passes through 
the tangent point of the pitch circles of mating gears. 

Pressure Angle. — The pressure angle of involute gears is the 
angle between the line of action and a normal to the common 
center line of mating gears. 

Whole -tooth Depth. — The whole-tooth depth is the radial 
distance between the circle of the gear enveloping the tops of the 
teeth and that which bounds the bottoms of the tooth spaces. 
It is equal to the sum of the addendum and dedendum dimensions 
of the gear teeth. 

Working Depth. — The working depth of gear teeth is the 
depth that the teeth of one gear extend into the tooth spaces 
of its mating gears. It is ecrual to the sum of the addenda 
dimensions of tiie mating gears, i.c.. to the whole tooth depth 
minus the clearance. 


PRODUCTION OF GEARS 

The evolution through which the production of commercial 
gearing has passed has played an important part, quite naturally, 
in gear design, and various rnodihcaiions in gear-tooth profiles 
have resulted. At first, practically all gears were cast, the cut 
tooth gear being m reality a relatively modern achievement. 
These early gears were made from forms carefully shaped by the 
patternmakers to secure as close an approximation of conjugate 
gear-tooth action as possible, at a time v.dieii both the cycloidal 
and involute forms of gear teeth were employed commercially. 

The development of the so-termed standard lAA o-dcg. involute 
system marked the first real advancement in gear design, and 
this is in fact a composite system in which the profiles o: the gear 
teeth are only of true involute contour on the section of the 
profile in proximity to the pitch circle, the upper and lower 
sections of the teeth being of cycloidal curvature. 

This system, adopted by the American Gear klanufacturers’ 
Association and certain other standardization organizations, 
is a fulh“ interchangeable one and is employed generally in form- 
milling gear production. The obliquity of 143^^ deg. was origi- 



TOOTH FORMS 


15 


jialiy selected as the pressure augie o: the system, for the reason 
ihat tne natural sine of a 14i4-deg. angle is so close to 0.25 
(0.25038) that for all practical purposes it may be taken as the 
convenient common fraction. 74 , by the gear designer, patierii- 
inaker. and machinist. 

The system is based upon a pinion 01 12 teeth, and the limi- 
tations this imposes in cut -gear production is the underhun 


reason for the cycloidal cun 
of the gear-tooth prohles. 
involute form, tvith a pres: 


attire of the utiper and lower portion 
A pinion of only 12 teeth of full 
tire angle of Idt;)" deg., has teeth so 


seriously undercut that it v.'as deemed expedient to modify the 


'jr ro! i fncr zircie 



Fig. 16. — Basic rack for 14'4-deg. composite system. 

profile of the lower portions of the teeth by making them of 
ct'cloidal, instead of hivolute, curvature, the basic-pimon teeth 
of such form being bound below the base circle by radial lines. In 
order to maurtain an interchangeable system, the profiles of the 
upper sections of the gear teeth are, naturally, modified in like 
manner. 

FORM MILLING OF GEAR TEETH 

The profiles of the teeth of the basic rack of tliis composite 
system are also of mixed curvature, flat in proximity to the 


bC w 
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pitch line, the true form of the full involute rack tooth, and of 
cycloidal curvature on upper and lover sections. These curved 


portions of the rack-tooth profiles are difncult to reproduce 
accurately, but a close approximation is secured by making the 
curved sections arcs o: a circle having a radius ecpaal to 3hd times 
the module of the rack, the reciprocal of the diametral pitch 
employed. This is the basic rack o: tire composite, or standard 


14>^-deg. system of gearing used in practice, conforming 
to which the sets of standard involute milling cutters are 


proportioned. 

These so-called involute cutters were formerly made up in 
sets of eight for the form niilling of gears with from 12 teeth 
to rack form, but in order to secure somewhat greater accuracy’, 
the modern set now consists of 15 cutters, as follows. 


Ta3i.e 1. — Raxge qf Staxdaed ^14t2-t>t:G.; Ix'voLVTE Mill:xg Cutters 


Xuntber Range 

1 13o teeth to a rack 

1>2 80—134 

2.’ 55-79 

2H 42-54 


3 


1 X 

0^2 • 
4. . . 


35- 41 
30- 34 
25- 29 
23- 25 


3 21 - 22 

oH 19-20 

6 17^ IS 

6>2 15- 16 


S 


13 

12 


Each cutter is proportioned for the accurate production only 
of gears having the mininnum number of teeth in its specified 
range, and for the production of gears with any other number of 
teeth the skilled machinist depends upon a ceriain amount of 
"shake.'' 

A delicate adjustment of milling cutter and gear blank is 
entailed if form milling of gear teeth is to be performed with 
reasonable accuracy, as well as the use of precision templets 
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for checking two of the critical tooth dimensions. The first 
of these measureriients is the chordal thickness of the teeth on the 
pitcn circle, and the other is the location of the pitch line on the 
sides of the teeth. Customarily, these dimensions are referred to 
as thickness and addendum fcorrected) measurements, values 
for which are given in Table 2 for diametral pitches of from 1 to 
24: and in Table 3 for to 2-in. circular pitches. 



The pitch diameters of gears of any other circular pitch are 
obtained by multiplying the value given in Table 6 for a gear 
of the same number of teeth by the circular pitch in question. 
The pitch diameters of gears of diametral pitch are obtained by 
dividing the number o: teeth by the diametral pitch. 


GENERATED GEAR-TOOTH SYSTEMS 

While the form milling of gear teeth is still quite extensively 
employed; the demand for cheaper and more rapid methods of 
gear production, brought about by the unprecedented needs of 
industries making use of pairs :tnd trains of gears in large Quan- 
tities, has been responsible for the development of highly efficient 
gear-generating machines and the general introduction of systems 
of gearing with tooth iDrofiles and proportions that depart 
considerably from those of the standard 14}2-fieg. composite 
system. The main difiereiice in most of these iiev-er systems oi 
generated tooth gearing lies in the fact that the profiles oi the 
gear teeth are of more extended involute curvature than are the 
contours of gear teeth in the standard 14i4-deg. composite 
system. 
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Table 2. — Choedal Thicknesses and (Cobeected) Addenda of Geae- 

TEETH DiaMETEAL PiTCH 

^crr~^ 

<rNTT > 

TOOTH FORMS in 


Table 2. Choedal Thicknesses and (Corrected) Addenda op Gear- 
i^TH Diametral Pitch. — (Conchided) 


Number 
of teeth 


IQDP IIDP \2DP 


13DP 


Thick- Adden- 
nesa, in. dum, in. 


Thick- Adden- 
ness, in. dum, in. 


Thick- .\dden- 
ness, in. dum, in. 


Thick- Adden- 
ness, in. dum, in. 
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Taele 3. — CnoaD-iT Thicknesses and Cokhected Addenda of Geae- 

TEETH ClECULAE PiTCH 



^ - 1’' 

. TP 

S 

r-p 


. CP 

1-in. CP 









ber 

•-i" • .1 

j. 

Adden- 


Adden- 


-.-icicioii- 

ThicA- Adden- 

ul 

1:653. 

d-;v. 

ness. 


Ii055. 

ClUlll. 

ll6S5. CIlIlli. 

tSctXl 

in. 

in. 

in. 

in. 

in. 

•p , 

in. in. 

0 

0.3105 

0.2142 

0 . 3725 

0.2570 

0.4347 

0 . 2997 

0.496S 0.3426 

9 

.3109 

.2125 

.3730 

2ooU 

.4353 

. 2976 

.4974 .3400 

10 

.3112 

.2112 

. 3734 

.2534 

. 4357 

.2957 

.4975 .3373 

11 

.3114 

.2100 

.3737 

.2520 

.4360 

.2941 

.4982 .3363 

12 

.3116 

. 2091 

.3739 

.2510 

. 4:ob3 

. 2035 

. 4986 . 3343 

14 

.3ilS 

.2077 

.3/41 

.2492 

. 4366 

. 2905 

.4955 .3322 

17 

.3120 

. 2061 

. 3744 

.2473 

. 4369 

.2856 

. 4992 . 3295 

21 

.3122 

.2045 

. -3 1 tcD 

.2457 

.4371 

.2565 

.4994 .3276 

26 

.3123^ 

.2036 

. 3745 ' 

.2443 

.4372 

.2551 

.-x99/ . 325ij 

35 

.3124 

.2024 

.3743 

.2429 

. 4373 

.2533 

.4999 .3235 

55 

.3124 

.2011 

.3743 

.2414 

.4374 

.2516 

.4999 .321-3 

35 

.3124; 

.1999 

.3743 

.2395 

.4374 

.2795 

.4999 .3193 


114 -ir 

.. CP 


.. CP 

iM-i-. CP 

1 

2-:n. CP 


Thick- 

Adden- 

Thick- 

Adden- 

i hick- 

Adden- 

Thick- Adden- 


ness. 


11055. 

dujn. 

liGSS; 

cium. 

ness. du:n, 


in. 

in. 

lli 

in. 

in. 

ill. 

’n. i'*''. 

S 

0.6210 

0.4234 

0 . 7450 

0.5140 

0 . 5094 

0 . 5994 

0 . 9930 0 . 6352 

0 

. 62 IS 

.4250 

. 7460 

.5100 

. 8706 

. 5952 

. 9945 . 6500 

10 

. 6224 

.4224 

. 7468 

. 5065 

.5714 

.5914 

.9956 .6756 

11 

.622S 

.4200 

. 111^ 

.5040 

.8720^ 

. 5552 

. 9964 . 6720 

12 

.6232 

.4152 

.7478 

.5020 

.8726 

.5376 

. 9972 . 6692 

14 

.6236 

.4154 

.7452 

.4954 

.8732 

.5516 

.9976 .6644 

1 i 

.6240 

.4122 

. 7453 

.4946 

. 5738 

.5772 

. 99b4 . 6.596 

21 

.6244 

. 4096 

.7492 

ilO"* =1 

.5742 

. 5736 

. 9955 . 6552 

26 

.6246 

.4072 

. 7496 

. 4536 

.3744 

.5702 

. yQ94 .6516 

35 

.624S 

. 4045 

. 7498 

. 4S5S 

. b746 

. 5666 

. 9995 . 6473 

55 

.6250 

. 4022 

. 7499 

.4S2S 

.8748 

. 5632 

. QQyQ . D'iSo 

135 

. 6250 

.3995 

. 7499 

.4796 

. JS 1 

. 5596 

. 9999 . 6396 
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T. 

.i3L3 6. — P: 

:tch 

DlAMETZaS 

roE 1- 

;x. CiRCUL. 

Pr 

ICE 

Number 

Piit-b 

Num 

Piit'h 


PiTcb 

Xum- 

Pitch 

o; 


nor 0 

- ,, 

n^r ui 

.n - 1* 

:jer c. 

H -■ PTriy- 

v66tll 


ZQCti 

- ; 

LCC!..- 


leetu 


3 

2 . 550 

43 
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7S 

24 . S2S 
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35.963 
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-k-i 
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7'h 
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TOOTH FORMS 

The basic rack of most approved systems of generated tooth 
gearing is that vnth teeth of the flat involute profile, the form 
that can be most easily and accurately reproduced. These 
systems are eminently satisfactory if the generated gears are 
supplied ■with an adequate number of teeth, but. if the gears have 
only a fern teeth, excessive undercutting results, destroying much 
of the involute tooth profile inside the pitch circle of the gears. 
This drawback is compensated for in practice, with more or less 
success, by variations in the obliquity of the teeth (pressure 
angle) and by modifications in the depth, or height, of gear teeth. 



For gears with a relatively large number of teeth, say 40 or 
more, the 14ti--deg. generated gear-tooth system is quite cus- 
tomarily employed, but, for gears with fewer teeth, the 20-deg. 
generated gear-tooth .system is now given the preference, both 
systems, however, having teeth of full depth, i.e.. with addendum 
and dedendum dimensions similar to those of the standard 143 i- 
deg. composite system. Undercutting, with its resuliing short- 
ening of the line of tooth action is not entheiy avoided by the 
20-deg. pressure angle, but it is much reduced. 

For reasonably quiet gear operation, it has been found that 
one 01 the requisites is a tooth contact of at least 1.4 tooth 
intervals and this is secured with 20-deg. full-depth generated- 
gear teeth when the pinion of a pair of mating gears has a mini- 
mum of 14 teeth. With 14/ f-deg. teeth, such extent of tooth 
contact is secured only when the pinion lias at least 20, 21, or 
22 teeth, the exact number depending upon the number of teeth 
on a mating gear. Pinions with fewer teeth are sometimes 
employed, it is true, but, when this is necessary, extreme accuracy 
in gear-tooth proportions is recniired for smooiii and oniet gear 
operation. 
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Where the tooth numoers are relatively small in both pinion 
and sear, as in automobile- Lransmission assemblies, and lor neavy 
mill sears \vhere great strains are placed on the gear teeth, the 

required gear-tooth strength is 
secured ordinarily by a modifi- 
cation of the tooth proportions, 
as veil as the use of the heavier 
20-deg. pressure angle. The 
so-termed 20-deg. stub-tooth 
gear system is the one coin- 
Pjg. on. — Basic rack of 20-deir. stub- moiily employed, in which the 
-GQcn gear sysceni. obliquity oi the teeth is made 

20 deg. and the tooth height is reduced. 

As adopted bj* the American Gear IMannfacturers’ Association, 
the tooth heights for the four modern sjtstems of commercial 
gearing are. in terms of the module, or reciprocal of the diametral 
pitch., as follows : 

Tabi-e 7. — Tooth T-Teights m .staxoaed 14'r .l-nEa. Composite Sy.stem 
(--1,): 141o'-deg. Gexerateo Gear-tooth System 20-r>EG., 
Fcll-oepte, Gear-tooth System \C\: axd 20-deg. Sxeb- 
tooth Gear System [ D ) 

Di:ner.3ioR .1 BCD 

AddenduEi 

Dedenduin. . . . 

Working clGctk 
Whole . 

Clearance 


While the dimensions given in Table 7 are recognized standards 
for the respective systems of modern commercial gearing, certain 
of the leading gear manufacturers have adopted slightly different 
proportions for 20-deg. stub-tooth gears, based upon the use of 
two diametral pitches: one for establishing the thickness and 
number of teeth and the other for determining the tooth depth. 
The composite diametral pitch is expressed in the form of a 
fraction, or ratio, the numerator of which designates the diametral 
pitch used for determining the number of teeth, etc. and the 
denominator the diametral pitch for establishing the depth, or 
heights, of the teeth. 


1 . 0.V 1 . 0.1/ 1 . 0-1/ 0 . 8-1/ 

1.157.1/ 1.1-57-1/ 1.157-1/ 1.0.1/ 

2.0// 2.0// 2.01/ l.G// 

2. 157// 2.1571/ 2.1571/ l.SJ/ 

0.157// 0.157// 0.157// 0.2// 
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T.A13I.E 3.— 
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. 1657 
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.1875 

12 ' , 

, . 1309 

.0714 
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.0893 

.0179 

.1607 


In the stub-tooth systems, the recltictioii in the heigiit, or 
depth, of the gear teeth is effected in the larger member by a 
decrease in the addenda of the gear teeth and in the smaller 
member by a corresponding decrease in the dedenda of the 
pinion teetln This long- and short-tooth addenda system of 
gear teeth, while it tends to reduce the duration, or extent, of 
tooth CGntact, avoids much of the undercutting in gears with 
small numbers of teeth. For instance, in the A.G.hl.A., 20-deg., 
stub-tooth gear system, only 12- and 13-tooth pillions oi one 
diametral pitch are at all undercut, and the amount of undercut 
is not sufficient to exert any appreciable infiuence upon the action 
of the gears. The greater strength of the shorter teeth is also a 
decided advantage. 

Combinations of siraigiii. 20-deg., stub-tootn gears ^A.G.M.A. 


standard), with small numbers of teeth, ordinarily do not give a 
contact of l.iO tooth intervals, as a rule necessitating greater 
care in gear nrodiictioii to secure reasonably QUiet gear operation. 
Nevertheless, the 20-deg. stub-tooth form of gear is used exten- 
sively for automobile-transniission gears, etc. In general. 


however, the llU-aeg. generated gear system 
gears with 40 or more teeth, and the 20-cieg. 
system for gears of a small number of teeth. 


is preferable for 
fuli-deptli tooth 



SECTION II 


SPEEDS AND POWERS 

As the essential purpose of employing toothed gears is to 
transmit motion from one shaft to ano:lier= even the simplest 
gear assemblage consists of tvo externally Ispur) gear units, 
one attached to each shaft. More complicated gearing may 


F:g. 22. — Driver G.r.d driven nienibers 
rora'e in rhe same direction in simpie gear 
trains ■v’^irn an odd nnin’oer oi inrermediars 
gears. 

make use of a considerably larger number o; gears, simple or 
compound units, but. so far as the act of transmitting power is 
concerned, the operating gear members function in ■■pain and the 
mating gears in all cases rotate in opposite directions. 


Fig. 23. — Driver and driven members rorare in. cppcsiie directions vrhen the 

The introduction of intermediate gears to form simple gear 
trains does not modify the respective speeds of the first and last 
gears — the driver and driven units of the assemblage — as the 
peripheral speed of ail the engaging gears is the same, but it may 
alter their respective direcuonk^of rotation. If one or any odd 
number of intermediate gears are employed, for instance, the 

30 
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direction of rotation of the driver and driven members is the 
same. but. if the number of intermediate gears is even, the driver 
and driven members o: the simple gear train rotate in opposite 
directions, as in tne ease of a pair mating spur gears. 

Where compounded gears, gears of dinerent sizes attached 
to a common shaft, are employed to secure greater changes in 
speed between the driver and driven members of a gear train, 
the compounding of the intermediate gears has no effect upon 
the directions of rotation of the ariver and driven gear members. 
That is, if an odd number of compounded intermediate gears are 
employed, the direction of rotation of the first and last gears of 
the train will be the same, wbilej if an even number of com- 
pounded gears are incorporated in the assemblage, the driver and 
driven members rotate in opposite directions. 



;-orapounded gears causes the 
driver and dri'v'en members to 
rotate in the same direction. 



Fig. 25. — An even number of compounded 
gears causes the driver and driven members 
to rotate in opposite directions. 


SPEED RATIO 

In determining the respective speeds and speed ratios of gear 
trains, simple or compound, the individual gear members may 
be designated, or represented, by the number of their teeth or 
by any factor of theii' diameters. The rotating speed of the 
engaging gears is inversely proportional to their size, number of 
teeth or diameter, so. if the sizes of the respective mating gear 
units are known and the relative speed of one of the members, 
the speed of the mating gear is readiij’ ascertained by direct 
proportion: . 

n:N::R:r 

where n = number of teeth in pinion (size of unit). 

W = number of teeth in gear (size of unit). 

R = r.p.m. of gear, 
c = r.p.m: of pinion. 
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For exarnpie, if a pair of making gears have 60 and 15 teeth, 
respeciiveiy. and the gear member makes 300 r.p.m., the speed 
of the pinion, 1,200 r.p.m., is 


15 *60 


60 X 300 
15 


; :300;r 
= 1,200 r.p.m. 


and the speed ratio of the combination is 15 to 60. or 1 to 4. 

In the case of a mnhiple-speed-change assemblage, or com- 
pound reduction, employing compounded gear units, the respec- 
tive speeds of mating gears may be obtained in like manner, by 
direct proportion methods for each individual pair of engaging 
gears, or the continued product of the pinion-member sizes and 
the continued product of the gear-member sizes may be sub- 
stituted ill the ratio. To iiiustrate: if the gear members of a 
triple-reduction assemblage have 93, 70, and 60 teeth (.Y, .Y', 
and _Y")j respectively, and the pinion members 15, IS, and 24 
teeth {n, n!, and n”), respectively, the rotating speed t of the 
pinion n’, knowing the spec-ci of rotation [R — 10 r.p.m.) of the 
first gear .Y, is 

Y-YhY", or -Y X -Y' X -Y'^ = 98 X 70 X 60 = 411,600 
nnfn', or « X 'n X /r' = 15 X IS X 24 = 6,480 

6,4S0:411,600; :10;r 
/’ = 635 r.p.m. 

and the speed ratio of the assemblage is 10 to 635, or approxi- 
mately 1 to 64. 

In practice, to secure a speed ratio of 1 to 64 with a triple- 
reduction compound-gear train, better results would be obtained 
by dividing the total speed ratio into three ecuial steps of 4 to 1; 
i.e.. by making each of the three steps, or stages, equal to the 
cube root of the total speed ratio. Three pinions of 15 teeth 
each and three gear members of 60 teeth each could be employed 
in such compound-gear train. Then: 

-YJN'hY'' = 60 X 60 X 60 = 216,000 
= 15 X 15 X 15 = 3,375 

3,375:216,000; :10;y' 

/' = 640 r.p.m. 

making the speed ratio exactly 1 to 64. 

Should a similar speed ratio be desired employing a double-, 
instead of a triple-, reduction compound-gear train, the most 
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saiisfactory results are secured when the speed ratios of the two 
stages of reduction are the same and made equal to the square 
root of the total speed ratio of the train. The stage speed ratios 
would then be 1 to the square root of 64, i.e., 1 to S. and, if two 
15-tooth pinions were employed, the two mating gears should be 
120-tooth units. 

= 120 X 120 = 14,400 
nn' = 15 X 15 = 225 

225:14,400: : 10: r 
/■ = 640 r.p.m. 

the speed ratio being, consequently, the desired 1 to 64. 

POWER RATIO 

The relative powers of a train of gears are inversely propor- 
tional to their peripheral, or circumferential, velocities and, as 
the peripheral velocities of mating gears are always ilie same, so 
also are the loads caried bt^ their respective teeth. In computing 
the power ratio of a simple gear drive, such as an ordinary single- 
stage drum-hoist inechaiii.sm (Fig. 26). consequentljq the problem 
resolves itself into determining the required amount of power 
applied on the gear teeth to operate simply the drum mechanism 
and elevate the imposed load. Ignoring the frictional load 
entailed in operating the drum hoist, a .simple direct proportion 
expresses the relationship between 
the four governing factors (load, 
size of functioning gear, applied 
power, and the size of the drum) : 

W:D::F:d 

where TT = load. 

D = diameter (size) of 
functioning gear. 

F = force, or apiilied 

power. -6- — Si— ple-gesrad drum-hoist 

d = diameter of drum. 

The applied power required to lift 3U0 Id. (IF; with a 27-in. 
drum-hoist actuated by a 36-in. gear, for example, would be 
(disregarding the frictional load and mechanical losses; : 



300:36: :F: 27 
F = 225 lb. 
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A simple gear drive being involved and the mechanism such 
as to introduce little resistance, the frictional load and other 
mechanical inefficiencies may be taken at 3 per cent. This 
would add the equivalent of 9 lb. to the load to be raised, so the 
force required to operate the hoist and elevate the load would be 

309:36: :F:27 
F = 231.S lb. 

For a multiple-reduction drive, one entailing the use of com- 
pound gears, the comhiued producz of the driving and driven 
gear sizes should be substituted for the simple gepu’-drurn values, 
much as when computing tire speed ratio oi a compound-gear 
train. For instance, in the case of a triple-reduction IS-in.- 

geared drum hoist actuated by a gear train composed of 36-. 

30-, and 24-in. gear members ^D, B'. and B'') and compounded 
9- and 10-in. pinions Ui’ and d '), the computations entailed in 
the determination of the necessary apjhied force to raise 2,500 lb, 
and overcome a frictional load of 73-2 per cent are as follows: 

BB'B’' = 36 X 30 X 24 = 25,920 

dd'd" == 18 X 9 X 10 = 1,620 

TF = 2,500 X 1.075 = 26,875 lb. 

26,875:25,920: :F: 1,620 
F = 1,675.8 lb. 



In these lv/o examples, the size oi tlie clrivins; 
gearing assemblage has not been a factor, ihe 
not oeing a consideration, but, when the sneed of 
1 = of miportaiice, tne size ot the driving pinion is o 
concern. A simple example in hoist gearing will s 
this point clear. 


pinion in the 
lime element 
the operation 
f outstanding 
erve to make 
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A LVpical case vrouici be the compuraiions entailed in the 
tion of the gearing for a hoist to raise 2.400 Ib. at a uniform s 
Tthen making use oi a lO-iip. motor running at a speed of 
r.p.m. and driving tiirougii a raviiide pinion of 4-in. 
diameter. 


selec- 

peed, 

1..120 

pitch 



The velocity of the driving iDinion in feet per minute (F) and 
the safe load for the pinion (F) are respectively: 

V = d'0.2618 r.p.rn. = 4 X 0.261S X 1.120 = 1,173 ft. per 

minute 

^ Hy). X 33.0G0 10 X 33.000 

F = = - - 1,173 = 2S1 lb. 

Assuming that a 5 per cent poiver loss is occasioned by frictional 
resistance and mechanical inemciencies, the total load to be 
raised by the force of 2S1 lb. at the pitch circumference of the 
driving pinion becomes 

2,400 X 1.05 = 2,520 ib. 

The necessary total velocity ratio of the gears in a reduction 
train to secure this ratio of power is consequently: 

2,520:231: :9:1 

This reduction should be made in two stages, as indicated in 
Fig. 28, and, since it is always desirable to make the reduction 
in even steps, the most suitable reduction in each stage is 3 to 1, 
the square root of the total required velocity ratio of 9 to 1. 

Then, if the diameter of the hoisting drum is made 10 in., the 
Ditch diameter of the driven sear D" to effect a veloeitv ratio of 
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3 to 1 tvilL be 30 Jn. Similarly, if the pitch diameter oi the 
intermediate ninion is 7 in., tne pitch ciiameter oi tiie gear D' 
will have to be 21 in. in order to ehect the first 3-to-l reduction. 

The circumferential force tr ), or power, exerted by the inter- 
mediate gear D' at normal luli-load speea is, iiaLuraliy, the same 
as is exerted by the rawhide ciriving-motor pinion, or2Sl Ib.; 
that exerted by the pinion ci' three times as much, or S43 lb. 
(F ’) ; and, hnally. that exerted by the hoisting drum, three times 
as much as is exerted by the intermediate pinion, or 2,529 lb. 
(F"). The latter is substantially that required to elevate tne 
2,400-lb. load at a uniform rate of speed and overcome the 
frictional resistance of the drive, etc. The respective rotary 
speeds and circumferential velocities at which these critical 
forces are exerted are 1,120, 373.3, and 124.4 r.p.m. ; 1,173. 391, 
and 130.3 ft. per minute: the latter being the uniform speed at 
which the load is raised. 

While these computations establish suitable sizes for the 
reojaired gear members, they do not in themselves determine 
the gear-tooth proportions. A suitable pitch has to be selected 
for the respective gears and the faces of the gears proportioned 
for adequate strength. 

For the first gear reduction, that between the rawhide driving 
pinion and Tlte intermediate gear D', a four diametral pitch would 
be suitable, if the gearing was of standard llj^-cleg., composite 


or genera.tea, systems, the sate wondrig stress for rawhiae being 
taken as 5,000 lb. per square inch. As the rawhide pinion is of 
4-iii. pitch diameter, a 16-tooth pinion of 0.7S52 circular pitch 
is indicaied, the safe load for which per inch of face (ll^O'deg. 
teeth) at a speed of 1.173 it. per minute is 107.5 lb. A 2s^-in. 
face rawhide driving-motor pinion of 16 four diametral-pitch, 
teeth (14^2 deg.;, would consequently be satisfactory. 

The intermediate gear Z)b operating at the same peripheral 
velocity and, of necessity, oi the same pitch as the rawhide 
driving pinion, may be constructed of cast iron and be safely 
made with a slightly narrower face, since the metal has a con- 
siderably higher tensile strength than the rawhide material. 
The 7-in. intermediate pinion d/\ however, operating at only 
one-third the periuheral speed of the intermediate gear and 


exerting a force three times as great, has to be of coarser pitch, 
if also constructed of cast iron, I: proiDortioned for three diam- 
etral pitch, it would have 21 (14;2-deg.) teeth of 1.0472-in. 
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circular pitch, the safe load for which at an operating speed of 
391 ft. per minute is 466.3 lb. per inch of face. 

The same tooth proportions apply, of course, to the driven 
gear D''. the pinion and gear mating in the drive, and. while 
both the pinion and gear would have adequate strength if made 
of cast iron with faces only slightly greater than in. (1.8 h- 
in.}, it would be preferable to make the face of such a pinion, the 
weaker of the two members. 2^ 4 in. and the face of the mating 
gear D” 2 in.; or the-face of the pinion could be made the same 
as that of the gear D' with which it is compounded, 2-4 i-i-? and 
the face of the driven gear D", 2 or 2^4 in. Any of these com- 
binations would prove satisfactory and the choice in gear-face 
dimensions would be governed doubtless by the sizes of the 
available stock gears. 


STRENGTH OF GEAR TEETH 

The question of safe gear load, strength of gear teeth, and the 
amount of power that can be safely transmitted by them, is 
naturally of outstanding importance and is one in which many 
variable and uncertain conditions play a part. Numerous 
empirical formulas have been developed at one time or another 
for determining the safe strength and durability of gear teeth, 
but it is probable that none of these equations takes, or can take, 
into account any exact appraisal of the mant^ conditions involved. 
The uncertainty necessarily e.xi.stmg in respect 10 the strength 
characteristics and qualities 01 the various materials of which 
the gear blanks are made alone makes it highly problematic 
whether any rule of universal and easy aoplicaiion can be 
developed. These variations ihai cannot be sensitively con- 
trolled consequently make necessary, and account for, the general 
use of ‘‘factors of safety'' in determinations of gear-tooth 
strengths. 

These factors, ranging in value from 3 to 6 or more, provide 
ample margin to care for the unforeseen or neglected conditions, 
and the general use of certain *of these empirical formulas is 
approved, the results secured being considered dependable. 
Those accorded general recognition are for the most part develop- 
ments and modincatioas of the Lewis formula, propounded by 
Wilfred Lewis in 1S92. This notable contribution takes the 
form of 


W - STF S X CP X FW X Y 
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where TT' = transmiLied looin load, pounds. 

STr.S = safe working stress of niaterial, pounds per square 
inch. 

CP = circular piLch of gear, inches. 

FIT' = width o: face of gear, inches. 

Y = I act or for number and form of Leeth. 

The factor FTFS. the safe working stress for the gear material, 
is the ultimate tensile strength of the material in question in 
pounds per square inch divided op the proper factor of safety. 
Wilfred Lewis presented a table incorporating safe working 
stresses, values of STT'F. for cast-iron and steel gears at pitch-line 
velocities ranging from 100 to 2.400 ft. per minute. This table 
was subsequentlv supplanted bv an equation evolved bv Carl 
G. Barth in which the variables of safe working stress and pitch- 
line velocitv, or s]:eed. are incorporated: 


IF = 


600 X STF.S X CP X FTF X Y 
600 - PLY 


i4al 


where PLY = pitch-line velocitv of gear in feet per minute. 

This rnodincation of the Lewis formula is the one still com- 
monly accepted for ordinary commercial metal gearing,, but, 
where the gear teeth are carefully pro])oriioned and finished, 
as is essential in tlie case of liigli-speed gearing, tlie basic formula 
is usually still further modified by substituting 1,200 for the 
constant 600 in formula i4«). 


TF = 


1,200 X >TTbS X CP X FTF X Y 
1.200 - PLY 


(ib) 


For high-speed metal gears running at pitch-line velocities 
of 4,000 ft. per minute and over, tlie American Gear hlanufac- 
turers' Association, however, has adopted a somewhat different 
formula : 


W = 


a-" 


while a K 
noiimet all; 


Vplv 

)dification of the basic Lewis equal ion developed lo 
ic yawhide, laminated phenolic materials, etc.) gear 


TF 


= ( oobU^ ZT' ^ X CP X PH' X Y (M. 
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Table G. — Safe Woreixg Stress STr.S 


MaL0nal 

Tensile 

stronshcli. 

Safe stress.^ 
Ib. per 50. in., 

0 speed 

Metallic : 

- 


Cf st iron 

‘i>4 . OOQ 

S . 000 

Miifi ~tepJ . 


000 

Bror zf^ 

36 0*''0 

!■> 000 

Casu steel CS.A.E. 1^35 

45 . QuO 

15.000 

Forged steel (S.A.E. 1030; 

60 . 000 

20.000 

(S.A.E. 1045i 

90 . 000 

30,000 

(S.A.E. 3^45; 

120.000 

40.000 

Xonraetallic ; 


i 

Rawhide, etc 


' 6.000 


American 

Gear Manufac 

rurers’ Associa 
Gea’ 

tion Recommendations 

Xonmetallic 

PLY 

i?TT'S’ 

i PLY 

.S'ir.S' 

PLY 

^irs 

100 

4 . 500 

; 700 

2.500 

1.700 

1,974 

150 

; 4,071 

1 SOO 

2.400 

l.SOQ 

1,950 

200 

1 3 . 650 

900 

2.. 313 

l.GOO 

j 1,929 

250 

1 3 . 500 

i 1.000 

2.250 

2.000 

1,909 

300 

! 3.300 

; 1.100 i 

2.192 

2.20Q 

1,875 

350 

3,138 

1 1,200 

2.143 

2.300 

: 1,S60 

400 

: 3.000 

■■ 1,300 ; 

2.100 

2.400 

1.846 

450 

i 2 . SS5 

1,400 

2.063 

2 , 600 

1,821 

500 

2 . 7S6 

1 1 , -500 

2 . 029 

2.300 

1 . 300 

600 

2,625 

1.600 

2.000 

3 . 000 

1.781 

1 For srea 


pairs cf gears. 




sudde 

nly applied loads c 

n siriE'e gears, d: 

scoiir.z 


55 per cent 

Steady 

loads or. gear xra 

beyond r 

aesh, distouu-. 


40 p 0 r cent 

sudde 

'ily upplied ioad= c 

u gear rraius bej 

oud 3rsr uiesh. 

diifccii".'. 

50 per cent 


The safe working stresses given in Table 9 are those that are 
customarily employed, but when the physical properties of the 
materials are definitely known, the specific tensile strength of the 
material in question should be employed. The safe working 
stress for steady loads on single pairs of gears is obtained by 
dividing the tensile strength of the material by a factor of safety 
of 3. 

In the case of herringbone-tjqpe gears_. the gear teeth being 
accurately finished, and the double obliquity of the teeth bal- 
ancing the axial thrust, the use of formulas (4b) and (4c) is 
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emailed in gear-iootli-strength compulations, but for helical- 
and spiral-type gears the unbalanced axial thrust introduced by 
the oblique arrangement o: the gear teeth necessitates a further 
modif-cation of the developed Lewis formulas. The cosine of the 


Table 10. — Valued o? Form Factor Y Leu'is Formulas 


Gear-Tooih svs-om 


^ uiTibcr 
of teeLh 

i4t-:-dc2. 
composite m:d 

20-deg. full 
dephi 

' 20-cleg, stub 
tooth 

10 

0 . 056 

0 . 064 

0 . 053 

■1 1 

.061 

.072 

.092 

12 

.067 

. 078 

.099 

13 

; ' .071 

.053 

.103 

14 

.075 

.OSS 

.103 

13 

. 075 

.092 

.111 

16 

.051 

.094 

.115 

17 

.054 

.096 

.117 

IS 

.056 

.093 

.120 

19 

.053 

.100 

.123 

20 

; . 090 

.102 

.125 

21 

; .092 

.104 

.127 

22 

.093 

.105 

.123 

23 

.094 

.106 

.130 

24 

.096 

.107 

.131 

25 

. 097 

.103 

.133 

26 

.095 

.110 

. 135 

25 

.100 

.113 

.138 

30 

.101 

.114 

.139 

35 

. 105 

.120 

.143 

40 

; . 107 

.124 

.146 

50 

.110 

.130 

.151 

60 

.113 

. 134 

.154 

75 

.115 

. 133 

. 15S 

100 

.117 

. 142 

.161 

150 

.119 

.146 

.165 
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Table 11. — -Velocity F.vctoes 


Ft. per 
niin. 

600 

Ft. per 
min. 

1.2Q0 

Fr. per 

7.3 

600 A PLV 

F200 - PL' 

min. 

73 -- vPFF 

100 

0 . S57 

1.200 

0 . 50G 

4.000 

0 . 553 

200 

.750 

1.400 

. -=bl 

4.200 

. 545 

300 

. 667 

1 .600 

.429 

4.400 

. 540 

400 

. fiOQ 

l.SOO 

.400 

4 . 6G0 

. 535 

500 

.545 

2.0QQ 

. 375 

4.800 

. 530 

600 

.500 

2. 200 

.353 

5.000 

. 525 

-1 

o 

o 

.461 

2.400 

. 333 

5 . 200 

. 520 

800 

.429 

2.600 

.316 

5 . 400 

.515 

900 

.400 

2.S00 

.300 

5 . 600 

.510 

1 . 000 

.375 

3 . 000 

. 2S*J 

o . ^UO 

. 506 

1.100 

. 353 

3.200 

.273 

6.000 

502 

1.200 

.333 

3,400 

.261 

6.200 

. 498 

1.300 

.316 

3.600 

.250 

0 . 400 

.494 

1 .400 

.300 

3.S00 

.240 

6.600 

.490 

1.500 

.286 

4,000 

.231 

6.S00 

.486 

1.600 

.273 



7.000 

.482 

1.700 

.261 



7.200 

.479 

1 . SOQ 

.250 



7.400 

.475 

1.900 

.240 



7.600 

.472 

2.000 

.231 



7.S00 

.468 





S.OOO 

.465 



- 


S.200= 

.462 





3 . 400 ‘ 

.459 





S.600 

.456 





S , -300 

.454 





9.000 

.451 





9.200 

.443 





9.400 

.446 





9.600 

.443 





9.800 

.441 





10.000 

.438 


angle of tooth obliquity, or helix angle., becomes a factor requiring 
consideration : 


1,200 X SWS X CP X FF X F X cos VH 
1,200 - PLV 


(4e) 
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W 


X SWS X CP XFW X Y Xcos VH 
7S - \/PLV 


where VH = angle of lootii obliquity (helix angle). 


(47) 


HORSEPO^hER FORMULAS 


The total transmitted load TF in pounds multiplied by the 
pitch-line velocity in feet per minute and the result divided by 

33,000 gives the horsepower-transmitting capacity 01 a gear, the 
Lewis lormula for horsepower taking the form; 


HP 


W^PLV 

33,000 


The practice recommended by the American Gear hlanufac- 
ttirers' Association, however, is to break down the transmitted 
load into component factors, any one o: which ntay be influenced 
by special conditions and require suitable modification. In 
terms of the circular pitch (mP; and of diametral pitch (DP), 
respectively, the A.G.hl.A. formulas for horsepower are; 


HP 

HP 


.sirs X CP X PIT'' X Y X PLV 

33,000 

0.000095 X SWS X PTF X Y X PLV 
DP 


.oa- 


m 


where HP = horsepower. 


CP = circular pitch, inches. 
DP =Aliametral pitch. 


WEAR OF GEAR TEETH 

The various formulas presented for computing the strength 
of gear teeth and horsepower of gears fail, however, to make any 
suitable allowance for the unavoidable weakening of the gear 
teeth in service through destructive wear, a consideration that 
mat' assume great importance, particularly in high-speed gearing. 
The load transmitted, sliding action of the teeth, vibra-tion, and 
lubrication are some of the considerations that influence gear- 
tooth wear, as well as the wear-resisting qualities of the gear-tooth 
material and the precision in the'^Drofile finish of the teeth. 

A limitation in load is naturally a logical precaution, and a 
number of formulas for determining what this should be under 
certain conditions have been developed and have come into 
cpiite general use. Two of these are; 
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and 


J = LC X 

jm 


(6aj 


TT' 


j^ = LC' X Vpd 


(m 


■where TF /TT = load per inch face, pounds. 

LC dormuia (6a;j = factor depending on load conditions = 62.5 
TO 100.0 for single-reduction, heat-treated 
steel gears in constant sert'ice. 

LC [formula (66)] = factor depending on load conditions = 
175 to 250 for single-reduction, heat- 
treated steel gears in constant seinnce. 
pd = pitch diameter of pinion, inches. 

These formulas in eifect simplw re£ne still further the accepted 
modifications of the basic Lewis formula, and similar limitations, 
in transmitted load maybe made by employng a somewhat 
larger factor of safety in computing the value of the allowable 
safe-working-stress factor in the various equations for strength 
of gear teeth. This latter method of making provision for wear 
compensation is, in fact, often employed. 

A third formula for determining a proper load limitation for 
suitable gear-tooth durability is one that takes into account the 
number of teeth in the pinion and tiie siteed ratio of the mating 
gears as well as the pitch-line velocity in service: 


TT' _ SS.SOO X LC" X CP 
fir ~ PLV - 32.S 


where LC" = factor depending upon number of teeth in pinion 
and speed ratio (see Table 12). 

CP = circular pitch, inches. 

PLY = pitch-line velocity, feet per minute. 

"Which one of these various formulas for determining the limit- 
ing load consistent "with satisfactory gear-tooth wear should be 
employed remains an open question. Formula (6a)- is the one 
more commonly used in the Tfnited States and formula (66) the 
one favored by English producers of high-quality, heat-treated 
steel gears. The former places a somewhat higher limitation on 
the permissible transmitted load and imposes, consequently, 
a higher premium upon accuracy in gear-tooth proportions and 
finish. 
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Tabli; 12. — VAZ^rub or LC" for r=E i^: FoHiiri.A ;6c) 
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fully. loriuuias for limitation of load, etc., being of value simply 
as guides or recommendations. Tooth mear cannot be entirely 
avoided, for a certain sliding between engaging gear teeth is 
inherent in all commercial systems of toothed gearing, because of 
the varying lengths of equal angular increments on the tooth 
profiles and the fact that the proportional amount of sliding 
action, as compared with the amount of the much less destructive 
rolling action, is dinerent for each speed ratio and variation in 
gear-tooth proportions. The amount of sliding can be computed, 
but, as it cannot be controlled, its measure is of little practical 
value. Accurate finish of tooth profiles, supplemented by suit- 
able gear-tooth lubrication, constitutes the only feasible control 
over the sliding wear of engaging gear teeth of specified material 
and hardness. Tooth wear traceable to vibration can in most 
cases be largely controlled, for it is almost always due to lack of 
necessary i-igidity in gear supports and mountings, or to faulty 
sear nronortions. 
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As 11 IS desirable, obviously, to have the gear and pinion 
members in a gear drive wear equally, the pinion, being subjected 
TO more concentrated mearing action on account of its higher 
speed 01 rotation, siioiild Pe constructed of a material possessing 
greater near-resisting qualities than that used for the gear, 
since the speed ratio oi a paii’ of mating gears is a measure of the 
relative speeds of gear and pinion rotation, the same measure may 
also be taken as a relative index of the desired wear-resisting 
capacities lor the teeth of the respective gear and pinion members. 
In other words, the wear-resisting capacities of the teeth of 
engagmg gears should be proportional to their speed ratio, if the 
teeth of the gear and pinion members are to wear equally. 

The chief wear-resistmg quality of a gear-tooth metal, if the 
load transmitted by the gear as.semblage does not impose strains 
in excess of the elastic limit of the material, is its hardness, and 
this ciuaiity is also customarily taken as an index of the v.'ear- 
resisting capacity of the gear teeth. The measure of hardness, 
its value, Is gaged usually by the elastic limit of the material, 
wliich follows closely the quality of hardness. Con3eQ_uenily, to 
secure equal gear- and pinion-iooth durability, the hardness 
of the gear and pinion teeth should be proportional to their 


respective speeds of rotation and the ratio between the elastic 


limits of the respective gear-tooth materials made the same as the 
speed ratio of the gear combination. 

In the case of a pair of mating gears havmg a speed ratio of 
4 to 1. for example, the teeth of the pinion member should be 
four times as hard as the teeth of the gear member. If the latter 
should be made of cast steel having an elastic limit of about 30,000 


lb. per square inch, the desired elastic limit for the pinion-tooth 
material would be 120,000 lb., necessitating the use of some heat- 
treated chrome-nickel or other high-grade steel. 

It is impractical; of course, to have pmions with teeth of just 
the right hardness for equalizing the wear o: gear and pinion 


teeth in all assemblages of gearing, but the relative hardness 
ratio is nevertheless a major consideration where longevity of 


gearing is of importance. Others of the more import ant questions 
having to do v.-ith gear wear are service conditions and the liability 
of modincations in structtiral formation of the gear metals, i.e., 
the possibilities of the development of dangerous crystallization. 
This latter is of especial importance where high-speed gearing 
is involved, particularly if the gears operate continuously, for 
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w-hicli reason ihe use of ihe high-carbon steels, as a rule, is to be 
avoided for gears and pinions., and the required hardness secured 
by case-hardening or by the employrncnt of alloj'ed steels con- 
taining such hardening ingredients as manganese, nickel, chro- 
mium, or vanadium. 

The duration of tooth contact and the number of teeth in 
engagement at the same time, f.e., the contact ratio, also influence 

greatly the questions of strength 
and gear-tootli durability. When 
the teeth are arranged oblicttiely 
across the face of the gears, as in 
herringbone, helical, spiral, and 
worm gearing, finer pitches may loe 
employed; as the total tooth load 
is distributed over the several 
engaging teeth. To a somewhat 
less extent, this is also true of 
\ ordinary straight-tooth externally 
meshing spur gearing, for which 
reason it is desirable to have the 
duration of contact between mating 
_ , . gears as long as oossible and to 

select the pitch with the view of 
having as many teeth as feasible in engagement at the same 
time. 

The dara.tion of tooth contact 'DTC) is measured by that 
portion (xy) of the line of action encompassed by the outer 
circles of the engaging gears and is a function of the speed ratio. 
It is ecpual to 

DTC = - {BCRy i- V(or}^ - ibcry CD X sin VP 

where DTC = duration oi tootii contact for a specific speed ratio. 
OR = outer-circle radius of gear. 

BCR = base-circle radius of gear. 

C7' = outer-circle radius of pinion. 
ocr = base-circie racuus oi pimon. 

CD = center distance. 

VP = pressure angle. 

This distance divided by the normal pitch of the gear teeth 
gives quite ooviously the number of engaging teeth that can be in 
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contaci at the same time. In the involuie system of gearing, 
the normal pitch is measured by the length of the arc of 

the base circle betnreen the origins -of tivo successive involute 
tooth profiles, or involutes, and is equal to the circuniierence of 
the base circle divided by the total number of teeth on the gear: 

mp = ( 8 ) 


where NIP = normal (involute) pitch. 

BCD = base-circle diameter. 

JV = number of teeth. 

The duration of tooth contact (DTC) divided by the normal 
involute pitch -NIP) then gives the number of gear teeth m 
contact at the one time, a highly important consideration since 
the total tooth load is not concentrated on a single tooth or pan of 
teeth but is distributed over all the engaging teeth: 


NTC = 


DTC 

NIP 


( 9 ) 


This advantage of having several sets of engagmg gear teeth 
in contact at the one time, distributing the total tooth load 
over a number of pahs of meshing teeth, places a high premium 
upon accuracy in tooth form and precision in tooth spacing, for, 
not only does the number of teeth in contact infiueiice the 
Cjuestions of recpaired tooth strength, pitch, and durabilitj’ but 
also the speed at vrhich the gearing can be safely operated. 
Shock, noise, v'ibration, and excessive gear-tooth wear result 
when there are even relativelv minor irregularities in tooth 


proportions and spacings, or slight imperfections in profile finish. 
The actual strength of the individual gear teeth may even become 
of secondary importance, the major points, provided the gear 
teeth are well formed, having to do more with tooth wear, proper 
proportions of gear diameters, hardness of gear teeth, and the 
best combination of hardness for wear. 


GEAR EFFICIENCY 

Under ordinary working conditions, the frictional losses 
between the teeth of engaging, high-quality, cut gears and pinions 
should not exceed more than 1 or 2 per cent of ilie power trans- 
mitted. This quite moderate loss is influenced more by the 
length of the tooth addendum (increasing slippage) than by the 
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obliquity oi the gear teeth, and the degree oi efnciency attained 
is. for all practical purposes, independenr oi the load transmitted 
by the gear assemblage. Furthermore, the dinerences in efn- 
ciency o: the several standard tooth forms, or systems oi gearing, 
are really so small as to exercise little or no controlling influence 
on the particular tooth form to be recommended for any specific 
service. 

In general as the efficiency of gearing depends for the most 
part upon the uniformity of the angular velocity of the pitch 
surfaces of the engaging gears, it lolloms that the finer the pitch 
of the gears and the more numerous the teeth, the more uniform 
is apt to be the angular velocity of the engaging pitch surfaces 
and the hiuher the oneratins: efficiencv o: the aearins. For a 
given pitch, the efficiency of the gearing tends to increase with 
the number of teeth, so that large gears, if properly mounted, 
balanced, and supported, arenelatively more efficient than smaller 
gears. This improvement is because the inaccuracies in profile 
finish, form, and tooth spacings. the chief causes of variations in 
angular velocity of the pitch surfaces, become relatively less 
disturbing as the number of teeth increases. 



SECTION III 


GEAR PROPORTIONS AND DESIGN 

For reasons oi economy, the element about wliich industrial 
gears of standard design are proportioned and about which they 
function is the hole, or bore, of the gear. On this basis, gear 
members of the minimum size, providing a sumcient amount of 
metai under the root of the pinion teeth to avoid dangers of frac- 
ture and guard against failures attributable to metal fatigue, 
are secured. 

The controlling factors in determining this bore diameter are 
those of amount of power transmirted and the speed of gear 
rotation, the equation generally employed in calculating the 
nominal bores of uinions and gears being 


BD = 


HP KSO 
PPM 


where BD = bore diameter, inches. 

HP = horsepower transmitted. 

PlPM = revolutions per minute. 

To provide adequate accommodation for the essential keway, 
the diameter of the gear hub should be at least l.S times this 
mominal) bore diameter (BD) and the minimum amount of 
metal above the keyway for the smallest permissible pinion, i.e., 
the distance from the top of the keyway to the root circumference 
of a hubless pinion, should not be less than the square root of 
one-fifth the number of pinion teeth divided bv the diametral 


f V 0.2 X -V' 


pitch "pp ~~~ These requirements place an. empirically 

determined limitation upon the minimum permissible pitch 
diameter of a hubless pinion having standard-bore and keyway 
dimensions, the euuation for which is 


hlinimum PD (pinion) = BD -j- 2(kWD -j- D — ^ 
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where PD = pitch diameter. 

BD = bore diameter. 

KWD = kejm.'ay depth. 

D = dedeadtim. 

.Y = number of teeth. 

DP = diametral pitch. 

In the design of larger gears, the proportions shown in Fig. 30 
have been found entirely" satisfactory in service, and the following 
empirical equations for determining the more important gear 
dimensions give results that coniorm well with approved gear- 
design practices: 


— FW 



Fig. -3G. — Gear proporho~s. 

A six-arm design is customarily employed for solid-type gears 
up to approximately 120 in. pitch diameter and an eight-arm 
construction for larger gears. For split gears of tinder 40 in. 
diameter, however, a four-arm design is commonly used, with a 
narrow face and short hub, in order to avoid the necessity of 
providing special oolti-ng. In calculating the arm sizes, the arm 
being considered a cantilever beam with the load distributed 
equahy on each arm, the section modulus of the material is 
obtained dividing the product of the load at zero siieed and 
pitch radius by the number of arms multiplied by the stress of the 
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material. Since the stress is a common factor,, the formula for 
the section modulus of the materia! takes the form; 

CPXFWX YXPR 

Z- 

where Z = section modulus. 

CP = circular pitch. 

FW = face -widih of gear. 

Y = form factor (Table 10). 

PR = pitch radius. 
iV" = number of teeth. 

Having the section modulus, a satisfactory arm nadth d for 
any of the various standard forms — oval, H-section, cross, and 
I-shaped — is 


d = 2. 

In the oval-run construction, the thickness of the arm d' is usually 
made equal to half the arm width, as is also the flange width of 
I-shaped arms, and the tapering of the arms toward the rim is 
made M in. per foot. 


d' = O.od = 


0.3977 


The thicknesses of the H-section, cross, and I-shaped arms are, 
resnectivelv. 


. 6Z . .62 32 

0 H-arm) = cricrossarm; = — . cd-snapea) = — 


while the thickness of the stiffening member in the H-arm con- 
struction should be 

g' = 0.75o 

The rim tliickness j, which is governed by the size of the gear 
and the number of gear blank arms, is determined by the empiri- 
cal equation 

0.5fv 

_ number of arms 

~ W 
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The srineiiing rib k under the ritn should be made 25 per cent 
greater in denth than the rim thickness, and the radius of the 
fillets 1. ’’oining the arms vrith the stmening rib. should raiy with 
the pitch of the gear and the number oi arms ; 


1 : = 1.25/. 


I 


PD 

4/25 X -V 


For liigli-eniciencv. lorig-vcearing gears, Lite American Gear 
AEanufacturers' Association recommends making the face width 
of the gears 10 times the circular pitch, or 


FJF 


31.416 

DP 


This makes the face width somewhat greater than has heretofore 
been deemed necessary, permitting the use of finer pitches and 
thus securing smoother operation and better gearing efficiency. 
Hovtever. the loilovving schedule of face widths conforms to 
good commercial practice: 

FTF (spur gears) = 3 or 4 times circular pitch 
FTF (minimum for helical gears) = 4 X CP 
FTF minimum for herringbone gears) = 6 X CP 



In cases of webbed gears, which are usually oi comparatively 
small size, the thickness of the web is advisably made eoual to 
the thictmess of the rim j and cored holes in cast gears, not only 
furnish convenient means of securing the gears for machining 
operations, but rnaKe for sounder castings. \\ lien these holes 
are large or are snaped to conform to the outline of the gear, 
stittemng rios should be provided between tlie holes and these 
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ribs should be of about the same ihiekness as the web. Not only- 
does this provide greater gear rigidity, but the danger of serious 
shrinkage strains developed by rapid cooling of the relatively thin 
web section is considerably lessened. 



Split gears should be parted through opposite arms, and it is 
good practice to spline the adjacent surfaces (see Pig. 32) rather 
than to employ fitted bolts or depend upon do-wel pins. How- 
ever, when it is necessary to split a gear between arms, the outer 
attachment bolts should be placed as close to the rim as possible, 
making dimension h (Fig. 33) equal to or somewhat greater than 
dimension a. Unless this pre- 
caution is taken, the attach- 
ment bolts are subjected to 
eccentric strains that tend to 
spread the gear. 

Section CC (Fig. 33) should 
also be made stifc enough to 
resist the strains that tend to 
bend the bolt lugs, and the bolts should be heavy enough to 
carry the maximum applied load, as well as to resist the initial 
stress set-up in tightening the bolt nuts. For these obvious 
reasons, it is always advisable to locate the outer attachment 
bolts as close to the rim of the gear as is feasible, a practice 
that has the added merit of permittmg the use of short bolt 
lugs, so minimizing the localization of extra weight on the 
gear rim. This latter point may be of considerable importance 
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if the gear is run at high speed, for, should the safe speed of the 
gear be exceeded., the liability of fracture at or near these points 
of localized Y'eight is much greater than when the gear rotates 
at iotver speed. 

NONMETALLIC GEARING 

The prevalent tendency in modern industrial establishments 
to increase volume of production through the use of high-speed 
machinery has created a pressing demand for some practical 

method of deadening the noise 
that results when running all- 
metal gear trains at high rates 
of speed and for a curtailment 
of the incidental vibration 
that greatly increases main- 
tenance expenses and causes 
rapid deterioration of ma- 
chines and gears. This has 
been accomplished success- 
fulh’- by the introduction, 
into the offending gear trains, 
of pinions made of nonmetallic materials, such as compressed 
fabric, rawhide, bakelite, and other substances, in the manufac- 
ture of which a synthetic resin of phenol variety is used as a 
binder. 

Owing to the low moduli of elasticity of these materials, most 
of the effects of any slight errors of tooth form and spacing are 
absorbed at the surface of the metal gear teeth with which the 
nonmetallic pinions engage. The result is that the profiles of 
the pinion teeth tend to conform quickly to the conjugate form 
of the metal gear with wliich they mate. Hence, it is an advan- 
tage to have the number of teeth on the engaging metal gear, or 
gears, some even multiple of the mmtber of teeth on the non- 
metallic pinion, for if this relationship exists the form of the 
phiion teeth need conform only to a minimum number of mating 
gear teeth. 

In the usual construction of these pinions, in which the non- 
metallic material is held under compression between metal 
shrouds by threaded-through stud bolts or rivets, there are cer- 
tain mechanical limitations that may, if not properly provided 
for, cause considerable complication. For one thing, there must 
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Ftg. 34. — Ncnine’aLio pinion. 
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be suScient nonmetaliic stock between the bottom of the leeth 
and the binding studs and at least stock, as a minimum, 

bet^veen the bore and the studs. Approved practice is to have 
the stock between the bottom of the teeth and the studs equal 
to the full thickness of the teeth at the pitch line, for diametral 
pitches of 5 and less, and to two-tliirds of the tooth thickness at 
the pitch line for all coarser pitches. The ke^rway, being gener- 
ally cut between the studs, does not anect these proportions, 
protuded the thickness of the stock between the bottom of the 
teeth and the top of the keyway is equal to at least the thickness 
of the nonmetaliic pinion teeth on the pitch line. When these 
nonmetaliic pinions are emplojmd as idler pullet^s, however, they 
should preferably be suitably bushed. 

KEYS AND KEYWAYS 

The keyseat standard (see Table 13) is based upon the employ- 
ment of square keys, half embedded in the shaft and half in the 



Fig. 35. — A.G.M.A. stand- Fig. 36. — Taper key-wey. 

ard keyseat. 


gear hub, the height and width of which approximate one-ciuarter 
of the shaft diameter. When conditions are such as to make it 
necessary or advisable to detdate from these proportions, the 
dimensions given in Table 13a are recommended. 

As gears fastened vath standard straight keys seldom work 
loose when properly fitted to their shafts, the use of taper keys 
(Table 14) is not ordinarily to be recommended. Taper ke 3 's 
have a tendencj', when driven home, to throw the gear out of 
alignment, and their use should consequently be restricted to 
heaver work, where the mass of metal affords certain protection 
against such distortion. 
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Table 13. — A.G.M.A. Iaey a.xd Zeywat 
'Dimensions in inchesi 
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Table l3a. — A.G.M.A. Recommzxda.tioa'5 foe Specia..l Keywa.ys 
(Dimensions in inches^ 
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Table 14. — TA.PER-H3y Proportioxs 
(Dimensions in. inches j 


Diiimeter of Rej- seat taper, - < in . per foot, 

holes, inel. widih A height B 



Fig. 37. — Filleied key’way. 


For gears that are to be hardened, the corners of the ke\*way 
should be rounded, as a precaution against the development of 
cracks at the corners of the kej’vray. The radius of the fillet 
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is usually made equal to about one-sixteenth o: the width of the 
kejnvay. and the top of the key is correspondingly beveled. 

Semicircular Woodruff keys (Figs. 3S and 39) make satis- 
factory connections for machine-tool gears and numerous other 



Fig. 3S. — Standard Wccdrun key. 

gear assemblages., while for heavier service, for which a single, 
standard straight key would be inadequate, two keys are fre- 
quently employed on opposite sides of the bore. For situations 
vrhere still greater strains are involved, as characteristic of 
much rolling-mill work, the Kennedy key (Fig. 40) is well suited. 

Table 15. — Staxbahd WooDErFF Keys 
(Dimensions in inches) 


Cenier of Center c: 

stock. stock. 



>X6 yi-t, 
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These keys, like all standard straight and taper keys, are approxi- 
mately one-quarter of the shaft diameter in tridth and have a top 
taper of ’ g in. per foot, for a driving fit, and parallel sides. The 
inner corners of the keys project into the bore, as shovrn, the gear 




hubs being first bored for a press fit and then rebored slightly on 
center, an eccentricity of about one-sixteenth the shaft diameter 
being- customarx^ The keyways are cut on the eccentric side, 
while the opposite side of the hole remains as concentrically 

Tasle lofl. — S pecl\l WooDHvrF Kets 
(Dimensions in inches) 

?• ! "3 i ^ -ri -f s" 5? ' — ' > -r* -S 5? 1 



Ta3le lob. — Woodruff Keys foe Seaft DmiiETEHS 
(Dimensions in inches) 


Diame 

ter 

X-j 

inber 

Diamexer 


Number 

Dian 

-exer 

Xun 

iber 

of sha 

It 

o! 

keys 

of shaft 


of keys 


of s 

aaf* 


of keys 


/S 

1 


7X 

- M?; 

6. 

8, 10 

1 


-iKs 

14 

1 *r 

j. i . 

20 

7/ 

;i6"‘ 


2 

4 

■ 1 


Q 

11, 

13 

1 

Vi 

-i?§ 

15 

18. 

21,24 

Q>' 

/I 6 

5< 

3. 

5 

iHe 

-13-s 

9. 

11.- 

13, 16 

jl 

'3i6 

-iH 

IS 

21. 

24 


.?4 

3 

5, 7 



11 

. 13 

16 

il 

1 3.< - 

-2 

23 

25 


*.^16 


6 

S 

134 

-iMs; 

12 

, 14 

17. 20 

2 

34e 

-2 Vo 

25 
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bored. These keys are especially desirable where it may be 
necessary to move heavy gears a considerable distance on the 
shait before securing them in place. 

For sliding gears in heavy service, the practice of using three 
or more keys with radial sides (Fig. 41), often employed for 
vertical roll mountings, is to be recommended, despite the com- 
paratively high cost 01 the c-onstruetion, and the arrangement 



is superior in some respect to the multipie-spline constructions 
more widely emploj'ed. The la.tter, however. lend themselves 
readily to more economical formation by a generating process. 


BORE FITS AND TOLERANCES 

It is upon the hole, or bore, of a gear that its fit on the carr 3 dng 
shaft depends, and in high-class commercial gear production 
there are limits of aHowance and limits of tolerance within which 
the diameter of the finished bore must fall for the gear to function 
satisfactorily. The allon-ance depends, naturalh’, upon the 
kind of fit required: whether 

Force fits, where hydraulic pressure is used. 

Shrink jits, using heat. 

Driving jus, using reasonable bumping force. 

Smig iifs or wringing jits, using manual force. 

Run?iing jits of the various kinds, close or easy, etc. 

These different fits can be best secured by gages made to meet 
the indmdual requirements of the particular shop, for not only 
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do tne proper fits vary for di^erent materials and equipment, but 
changes are also to be expected v.'iih evolution in machine-shop 
processes. Hov.-ever, as there is a constant and unavoidedble 
variation from the exact size or allovrance necessary to produce 
a given nt in virtualiy all shop work, due to wear of cutting 
tools and gages, to errors of tvorkmanship and, especially when 
setting tools to gages, to the human element, certain definite 
standards of limiting permissible tolerances have been estab- 
lished. For considerations of economy in gear production, it is 
furthermore advisable to tolerate as large a variation as possible 
for given classes of work. 

Recommendations to this effect by the American Gear Manu- 
facturers' Association — ^for precision gears, as used in aircraft, 
printing machinery, etc. (Class 1): gears for automobile 
transmissions, machine tools, etc. (Class 2) : and gears for 
pumps, hoisting machines, general jobbing requirements, etc. 
(Class 3) — are given in Table 16. It will be noted that the 
advocated practice is to make the tolerance for Class 2 about 
double that for Class 1, and that of Class 3 twice that of Class 2, 
or about tour times that of Class 1. 

SPLINE FITTINGS 

Leadership in the standardization of spline fittings (Tables 
17. IS, and 19) has been taken by the Society of Automotive 



Fig. 42. — S.A.E. standard four-spline finings. 

Engineers (S.A.E.), which organization bases its recommenda- 
tions upon dimensions that apply only to soft-broached holes 
and the stipulation, that allovrance must be made for machining 
the shaft to secure the desired fit. These standards make no 
allowance for radii on corners of sirlines, which radii should not 
exceed 0.015 in., or for clearances. The torque (T) capacity is 
expressed in terms of inch-pound units per inch width of bearing 
length at 1,000 lb. per square-inch pressure on sides of splines. 
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Table 17. — 3.A.E. Standard Fol'r-splixe Fitti.VmS 
{Dinierisioii= in i'irh&Si 


I ly u 1} fi 

Nominal : 

Giameter, i ^ 


Permanent Fit 


Qy* 

✓ 4 

0 

750 

0 


0 

637 

0 

636 

0 

ISi 

0-179 

0.050 

Q . 035 


73 

7 y 

/■S 


875 


374; 


7 4 r 

/•S'! 


743 


211 

.209 

.066 

.065 


107 

1 

1 

000 


999^ 


S50. 


849’ 


241 

.239; 

.075 

.074 


139 

m 

1 

125 

1 

124! 


956 


955 


271 

.269 

.084- 

.033 


175 

IM 

1 

2.50 

*[ 

249 

I 

062 

1 

061 ; 


301 

.299' 

. 094 ! 

.093 


217 

HI 

1 

375 

1 

01*= 

1 

169 

1 

16S: 


331 

..329, 

. 103 

. 102 


262 

IH 

1 

500 

1 

49Q 

1 

275 

1 

274; 


361' 

.359 

.112 

.111 


311 


1 

625 

1 

624; 

X 

3Si; 

1 

3SQ; 


391 

.389! 

122 

.121 


367 

' 

1 

750 

1 

749^ 

i 

1 

4S7; 

1 

4S6 


422 

.420 

.131; 

.130 


424 

2 

2 

o 

o 

o 

1 

998; 

1 

700' 

1 

698 


482 

.479; 

. 150 

.US 


555 

2K 

2 

250 

2 

24S' 

1 

912 

1 

910 


542 

.539 

.169 

. 167 


703 

^72 

2 

500 

2 

49 s; 

2 

125. 

2 

123. 


602; 

.599^ 

. 1S7, 

. 155 


865 

3 

3 

000 

2 

99S; 

2 

550 

2 

54S 


723 

.720 

.225 

.223 

1 

,249 





To 

S: 

ide When N 

ot 

iinde 

r Load 





3^r 

/4 

0 

750 

0 

749 

0 

562 

0 

561 

0 

.181 

0.179 

0.094 

0.093 


123 

>'3 


S75 


S74 


656 


655. 


.211 

.209 

. 109 

. 103 


167 

1 

1 

000 


999: 


.750 


749* 


241: 

.239 

. 125 

1 9i 


219 

HI 

1 

X 

125 

1 

124: 


S44 


848: 


• 2 n; 

.269 

.141. 

.140 


277 

Ha 

1 

250 

1 

249' 


.937 


936 


.301; 

.299 

.156 

.155 


341 

HI 

1 

375 


374'- 

■1 

.031 

1 

030= 


.331; 

.329; 

.172 

.171 


414 

iH 

1 

500 

1 

499; 

1 

.125: 

1 

124- 


.361 

. 3.59; 

.187 

.130 


491 


1 

625 

1 

624: 

1 

.219. 

1 

i 

213j 


.391; 

.35a 

.203: 

.202 


577 

H< 

1 

750 

1 

749^ 

1 

.312; 

1 

31lS 


.422^ 

.420; 

.219:, 

.218 


670 

2 

2 

000 

A 

r 

998^ 

1 

.500: 

1 

49S: 


.482; 

.479: 

.250i 

.248 


875 

214 

2 

250 

2 

24S' 

1 

• oSn 

1 

685^ 


.542: 

.539: 

.2SF 

.279 

1 

,106 

272 

2 

500 

2 

498! 

1 

.875; 

1 

S73: 


. 602 

.599; 

.312 

.310 

1 

,365 

3 

3 

000 

2 

998’ 

2 

.250: 

2 

.24Sj 


.723: 

.720^ 

.375; 

.373 

1 

,969 
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SPUR-GEAR CALCULATIONS 

he general physical characteristics and common dimensions of 
;hed-gear members include: number of teeth; pitch, either 
circular or diametral: pitch diameter: pitch circle: face; bore; 
outside diameter: root ciiameter: diameter oi hub; kejn,tay; back- 
lash: tooth forms (see Sec. I); materials; and customary practice 
divides the gear members in a train of two or more engaging 
gea^^ into qbgj's and viiuous. The latter are the smaller gears, 


rw ?■ 



usually the driving members of a gear train; and the former, the 
larger, and usually driven, members. 

In the case of spur gears, the most commonly employed type 
of toothed gearing, the gear teeth are parallel with the axis or 
bore of the gear. These gears are used to transmit motion 
between parallel shafts, and high-grade cut spur gears, when 
correctly proportioned and mounted, have an average power 
transmitting efficiency of about 9S per cent at normal speeds 
and loads. 
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Spue-geas Xomexclature’^ 


Dimension 


Dimension 

■ S^.'inboi 

Addendum 

i A 

Hub extension 

HE 

Angle, Dressure 

1 VP 

Hub length 

HL 

-Arc of action 

! A A 

Keo.vav d'mtli 

KWD 

Arc of aonroach 

i AP 

Keyway v.idth 

Kir 

-Arc of recession 

= AR i 

Normal in*.' oluf e nitch .... 

NIP 


i B i 


V 

Base-circle diameter. 

1 BCD : 

Number of teeth in contact 

NTC 

Base-circle radius 

i BCR ; 

Outside diameter 

OD 

Bore diameter 

i BD \ 

Outside radius 

OR 

Center distance 

! CD ! 

Pitch-circle circumference. 

PCC 

Chordal addendum . . 

i CA 

Pitch diameter 

PD 


I rp : 


PR 

Dpopriri-.’Tf’. 

!= 

i D !: 

Root d’ameter 

RD 

Diametral pitch 

i DP 1 

Root radius 

RE 


. ... ‘ FTF ■ 


TB 

Gear ratio 

! GR : 

Whole depth ftooih; 

TTD 

Hub diameter 

■ HB 



* Sysabols for pinioiis 

are ciisioniarily dis 

anguished from corresponding s 

ymbols for 

gears by the use of sma’J, 

instead o: capital, le 

tter*. 



GENERAL RELATIONSHIPS 

There are cenain definite relationsMps existing between 
certain phj'sicai characteristics and common dimensions of ail- 
standard types of engaging spur-tooih gears, irrespective of the 
form or arrangement of the teeth, which are based upon the 
diameters of the gears' respective pitch circles and. hence, upon 
the pitches, circular and diametral, of the gear teeth. These, 
together with the distance between the centers of engaging gears, 
form the bases of all spur-gear calculations and are 


CP 


DP 

PD 

CD 


3.1416 

3.1416PD 

(13) 

DP 

A" 

3.1416 


(14) 

CP 

PD 

K 

DP " 

0.3183i^ X CP 

(15) 

P D -f 

pd N -j- n 

(16) 

2 

2DP 
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Formulas for Standard-depth Spur Gears 

(A.G.M.A. 14>fdeg. composite. and 20-deg. involute 
full-depth sysTems) 

CP _ PD ^ _q^ 

- DP 3.1416 -V -V - 2 

D = = 0.3683CP (is; 

FI) = -4 - 15 = ^ = 0.6S66C? (19; 


C = ^ = 0.05CP 
PD 

” ■ DP X ' ' 

= 0.31S3{A -r 2}CP = ?D -i- 0.6366CP 

RD = 0D- 2WD 

» 3.141nPi) 

A = PD X DP = 


Formulas for A.G.M.A. 20-deg. stub-tooth gears 

.1 = ^ = 0.2.546C? 

DP 


D = ^ = 0.31S3CP 

FO = ^ = 0.5729CP 

C = ^ = 0.0636CP 
DP 

OD = — = 0.5092PD X CP 



SECTION V 


STRAIGHT-TOOTH BEVEL GEARS 

The design of stmight-tooth bevel gearing is complicated, not 
only by the fact that the proponions of the teeth vary over the 
face width of the gears, but by the fact that the rolling pitch 
surface of a bevel gear is, at each point, of a somewhat longer 
rachus of curvature than is the pitch circle passing through the 
same point. This maierialiy modifies the form of the teeth that 
can be successfully employed and makes the machining operations 
entailed in the commercial production of bevel gearing more 
involved than those in the production of ordinary spur gears. 


Sthaxght-tooth Be'vel-gzae Xomexclatvee* 
Xuniber of teeth. .V 


Angle 

Symbol 

Angle 

Symbol 

Angle of axes 

r.4 

Decrement angle 

... VD 

Back anffle 

VBh 

Face angle 

VF 

Botioni fcntting; angle — 

VB 

Increment angle 

VI 

Center angle 

VC 

Pressure angle 

. : TT 

Dimension 


Dimension 


Addendum 

A 

Diametral pitch 

DP 

Auex d'-'tance 

AD 

Diametral pitch, inner . 

. . DPs 

Baeki"5s initch line) 

X 

Face width 

.. FT 


BD . 
rp 


. . HL 
.. MD 

Circular pitch 

i 

* Mounting distance .... 

Circular thickness ttoothl . 

CTh 

Outer diameter 

OD 

;;;;;;;;;; 

C3 

D 


PD 

Whole doDth lioothl . . . 

... WD 

Diameter increment 

DI 



; Symbols fer piaions -r- rus 

-cmarty dl 

5-ingvl.bed fro- correspondi- 

ig syinbGls for 

gears by ibe use c-: smat, ir-stead 

or 

errers. 


Prior to the developn 

tent of L 

he modern bevel-gear 

generating 

machine, by which the 

gear tee 

th tvitli correctly varying profile 

curvature at all points 

are accurately generated 

■ a process 

reproducing the smooth roiling 

action of a pair of 

oevel gears 

in mesh, two general sy 

stems of 

bevel gearing were in vogue and 


GQ 
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are still employed to some extent. In one of these systems, the 
gear teeth, machined with formed gear cutters, are of the tapering 
type and follow in general the proportions adopted for standard- 
spur gear teeth: in the other (parallel-depth bevel gears), the 
teeth are of uniform depth and of constant profile curvature. 

Thus, three distinct basic sj-siems of bevel gearing (standard- 
depth bevel gears, parallel-depth bevel gears, and generated-bevel 
gears) command consideration, although the quite general 
adoption of the A.G.hl.A. (Gleason Works) standard for straight- 
tooth bevel gears makes it now of chief interest. However, the 
various systems of bevel gearing may properA be taken up in the 
order of their development. 


STANDARD-DEPTH BEttEL GEARS 


In the so-termed siandard-deptJi bevel-gear system, having 
straight, radial, tapering teeth machined with formed cutters, 
the profile of the teeth as cut, wliicii is at best simply an approxi- 
mation of the desired tooth contour, is of the correct form only 
at the outer, or larger, ends of the teeth, for which the cutters 
are selected. An excess of metal is left outside the pitch line 


elsewhere, increasing in thickness 


toward the inner ends 


of the 


teeth, and this surplus is subsecpaently removed by filing (see 
Fig. 46) ; i.e., the small ends of the teeth are rounded by filing. 
As there is nothing gained by having an excessively long tooth 
face, necessitating much filing, approved practice is to limit the 
face vadih of bevel gears to not over one-third the apex distance 


or to 219 times the circular pitch of the gears. 


The cutter selected for the machining operations, while 
governed as to form by the recpuired contour of the teeth at 
their outer ends, must also be proportioned so as to clear the 
small, inner ends of the gear teeth. A central cut. leaving the 
"eeth somewhat heavy, is first taken, in which the tooth profiles 
are, of necessity, left normal to the path of the cutting tool. 
Consequently, in the finishing cuts for the respective sides of 
the teeth, the gear blank has to be indexed over, so as to bring 
the pitch elements of the gear teeth at the outer pitch circle 
parallel to the path of the cutting tool. The finishing cuts are 
then taken and the teeth finished to correct outer-end thickness, 
leaving the surplus metal to be removed oy filing toward the 
inner end of the gear teeth and outside the pitch line. 
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The piieh, ail tooth diniensioiis, pitch and outer diameters 
are measured at the larger, outer ends of zhe gear teeth, as is 
ouite general for bevel gearing, and the conical pitch surfaces 
of the maiiiig gears establish the 
critical center, face, and bottom, 
or cutting, angles of the respective 
gear members. For bevel gears 
mesiiing at right angles, tlie nat- 
ural tangent of the center angle of 
either gear is found by dividing the 
number of its teeth bt' the number 
of teeth on the meshing gear. For 
example, the tangent of tlie center 
angle of a lo-tootli bevel gear mesh- 
ing with a 12-tooth bevel pinion is 1.333. and the tangent of the 



!:eaf si/rtace 

Flu. 4u. — Filed suvis-ccs of staadard- 
depih bevel gears. 


center angle of the pinion is 0.7-50. 

A comparatively small increment angle added to the center 
angle establishes the face angle and a slightly larger decre- 



ment angle deducted from the center angle the bottom, or cutting, 
angle, such small angles being governed by the addendum and 
dedendum dimensions, respectively, of the bevel-gear teeth. 
The back angle of a bevel gear is the complement of its center 
angle. 


Formulas for Standard-depth Bevel Gears — ^Axes at Right Angles 


tan VC = 


A , n 

— or tan vc = ^ 
n iV 


(29) 
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tan VI = 

2 sin VC 
.V 

A 

AP 

(30) 


2.314 sin V 

C D 

(31) 

;an VD = 

X 

AP 

VF = 

VC ^ VI 


(32: 

VB = 

VC - VD 


(33; 

AD 

PD 

X 

(34) 

2 sin VC 

2DP sin VC 


CP 

3.1416 3.1416Pi) 

DP ~ X 

(13) 

DP = 

X 3.1416 

P D " CP 

(14) 

PD = 

^ = 0.31S3A' X CP 

DP 

(15) 

DI 

2-4 cos VC 

(35) 

OD 

PD - DI 

(36) 

FW = 

AD oCP , 

hr- or (whicnever is smaller) 

(37) 


Formulas for Standard-depth Bevel Gears — Axes at Odd Angles 



F:g. 45. — Bevel gears v.-ith shafts 


at less than 90 deg. 
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Fig. 51. — Internal bevei gears. 


PARALLEL-DEPTH BEVEL GEARS 

In the parallel-depth bevel-gear system, developed to avoid 
the necessity of file finishing the inner ends of standard-depth 
bevel gears machined with formed cuiiers. the depth of the teeth. 



Fig. 52. — Paraliel-deptn bevei gears. 


v'hich are finished viih standard spm’ gear cutters, is constant 
from end to end and, consequently, the profile curvature of the 
teeth as veil. There are nu decrement or increment- angles and, 
vhicli is unusual, the diametral pitch at the inner end of the 
bevel-gear tooth governs tije tooth proportions of parallel-depth 
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bevel gears. The resulting teeth are of a distinctive stubby 
appearance at their outer edge, and the form of tooth is consider- 
ably easier to machine with formed cutters than the tapering form 
of tooth. 


Formulas for Parallel-depth Bevel Gears- 


DP X AD 
ad- FW 

(41 

A = J_ 

142’ 

DPa 


^ 1.157 

-D = ^ 

(43: 

DPs 


2.157 


wd = aa-d = ^ 

(44; 


GENERATED BEVEL GEARS 

The foregoing systems of bevel gearing,, the stanciard-deptli 
bevel gears machined ' with formed cutters and the parallel- 



depth bevels, are at best only approximations of high-grade 
gearing, and, vvhile fairly satisfactory for gears that are to run 
at low speeds, for gears of fine pitch and for gears that are to 
carry only light loads, they do not meet today's requirements in 
the automotive field, those of high-speed machine-tool gears and 

‘For dimensions of parallel-deptli bsvei gears orher than those of tooth- 
depth proportions, use formulas for siandard-depth bevel gears. 
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where the use of high-quality bevel gearing is virtually essentiai. 
Furthermore; the question of expense in commercial production 
of high-grade gearing is an irnporiant consideration, for obvioush" 
it is a costly, exacting, and time-consuming task to file accurately 
the teeth of standard-depth bevel gears machined with formed 
cutters, especially the teeth of coarse-pitch gears. 

In fact, bevel gears with correctly shaped teeth can be ma- 


chined economically only by a genera-ting process and with teeth 
of the octoid form, rather than of the involute type. 

The reason for this special shape of tooth is that, 

Avliiie ordinary spur gearing can be generated by the 



action of a reciprocating tool representing the basic Tooth 

straight-sided rack tooth of the involute spur-gear 
system, a true involute bevel-gear crown tooth does 


not, like a spur-gear rack-tooth, have straight sides 
but has profiles of distinctive double curvature (see 
Fig. 53) that cannot be readily duplicated for a cut- 



ting generating tool. Consequently, the basic 
crown gear tooth in generated bevel gearing is made 
with straight sides, like a spur-gear rack-tooih, and 
the profile curvature of generated bevel-gear teeth 
is of octoid and not involute form (see Fig. 54). 


Octoid Tooth 
Pig. 54. — 
Comparison 
of involute 
and octoid 
bevel gear 
tooth. 


A.G.M.A. STAND APT) FOR STRAIGHT-TOOTH BEvTlL GEARS 

(^Gleason Works System) 

TTith the idea of developing a thoroughly practical system of 
strong, quiet, and wear-resisting bevel gears, well suited to pro- 
duction by generating process, the lead was taken and much 
pioneering work conducted bj^ the Gleason Works of Rochester, 
N. Y. This progressive organization developed a comprehensive 
system, applicable to any pair of generated bevel gears operating 
at right angles when the pinion member is the driver and has 10 
or more teeth, that has now been adopted hj the A.G.IM.A. and 
has become the approved system of straight -tooth bevel gearing. 

The principal qualities considered in arriving at tliis system, 
arranged in the order of theii' recognized importance, are quiet- 
ness, strength, and durability, all of which it was found could be 
best secured by the use of the lowest pressure angle that can be 
employed without sacrifice of tooth strength through excessive 
undercutting. Furthermore, as the system has been laid out, 
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the strengtn oi the pinion teerh is about on a par ^uth mat oi the 
mating gear teeth, when the pinions and gears are made of the 
same material. 

The greater arc of action secured when the lower pressure 
angles are used tends to cpaiet gear operation; any eccentricity 
has less effect and the radial component o: the tooth load is 
minimized. This avoidance, so far as possible, of the thrust 
forces that are common to ail systems of bevel gearing is especially 
desirable, for the mai ority of bevel gears are overhung from their 
supports and the total load should, consequently, be kept as low 
as possible. The greater arc of action of gears with low-pressure 
angles also has the desirable effect of offsetting in large measure 
any strength advantage possessed by the heavier section of a 
higher pressure angle tooth that is handicapped by a smaller 
arc OI action. 

Durability is also traceable to a considerable extent to the 
greater arc of action characteristic of low-’oressure angle gearing, 
since the greatest amount of tvear tends to take place near the 
pitch point where the unit pressure is the greatest. 'When the 
point of contact between engaging gear teeth is near the pitch 
point, ail the load is borne by a single tooth, while at the beginning 
and end of action the load is distributed over two teeth v.uth a 
consequent reduction in unit pressure. This means in substance 
that gear-tooth wear tends to be greatest where there is actually 
a minimum of sliding and a maximum of roiling action and 
demonstrates that the chief cause of gear-tootlt wear is a matter 
of unit pressure, rather than of sliding action. 


A.G.M.A. Proportions for Generated Straight-tooth Bevel Gears 
Operating at Right Angles, Where the Pinion Is the Driver 
and Has 10 or More Teeth 

(Gleason Works System) 

PTsssv.Te angles. 

Raxiot having 14 or more teeth in nixiion. 14H 


13-13 10 13-24 17H 

13-25 and higher It^ 

12—12 and higher 17* 6’ 

11-11 to 11-14 20 

11-15 and higher ITbf 

10-10 and higher 20 
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Tabls 20. — Addendum Values for One Dia.mete.\l Pitch for 
Different Ratios 
(Gleason Works Sv~tem; 




Gea: 

ratio 

.V 

nun 

riber o 
iber of 

I teeth 
teeth L 

in sear 
a pinion 


Ea 

tios 


Rat 

.05 


Rat 

05 

Ratios i 




A 



4 















From 

: To 1 


Prom 

To i 


Froni* 

To I 

From; To ! 


1.00 

1.01 1 

.000 

1 . 15 

1.17 0 

sso 

1.42 

1.45 0 

.760 2.06 2.16 0 

640 

1.01 

1.02 

.990 

1.17 

I.IQ 

S70 

1.45 

1.4S; 

.750 2.16 2.27 

630 

1.02 

1.03 

.9S0 

1.19 

1.21 

SoO 

1.4S 

1 . 52' 

.740 2. 27; 2.41; 

620 

1.03 

1.04 

.970 

^1.21 

1.23 

S50 

i..52 

1.56 

.730 2.41^ 2.5S' 

610 

1.04 

1.05 

. 960 

1.23 

1.25 

S40 

1.-56 

1 . 60 

720 2 . 58' 2 . 78 

600 

1 . 05 

1.06 

. 9.50 

1.25 

1.27 

S30 

1.60 

1 . 65 

.710 2. 78 3.05 

590 

1.06 

l.OS 

.940 

1.27 

1 .29 

820 

1.65 

1.70 

.700 3.05 3.41 

580 

l.OS 

1.09 

.9.30 

1.29 

1.31 

810 

i.70 

1.76 

.690 3.41 3.94 

570 

1.09 

1.11, 

.920 

1.31; 

1.33 

800 

1.76 

1.S2 

.680 3.94: 4.82; 

.560 

1.11 

1.12 

.910 

i.s-s; 

1.36 

790 

1.82’ 

1.89 

.670 : 4. 82: 6. SI 

550 

1.12 

: 1.14; 

.900 

1.36 

1 . .39 

7S0 

1.89 

1.97: 

.660. 6.811 

540 

1.14 

: 1.15; 

.890 

1.39 

1.42 

770 

1.97 

2.06 

650 I i 
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(Gear) 


(Pyiion) 


Dedendutn: 

(Gear) 

(Pinion.) 

Whole Depth: 


A = 


value. Table 20 

"dp 


2.000 

“ = DP - 


D 


2.1SS 


-4 


, 2.1S8 


a 


2.18S 

~DP' 


(45a) 

(450) 


(46a) 


(466) 


WD 


(47) 
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Circular Thickness of Teeth: 
(Gear— 14H deg. VP) 
1.071 


CTh = 


DP 


(Gear — 171 2 deg. VP) 
0.971 


CTh = 


DP 


0.5.4 - 


0.6-4 - 


K (Table 21) 


(Gear — 20 dee:. T'P) 


DP 

0 ^71 K 

CTh = - 0.7.-1 - ^ 

(Pinions— 14} o deg., 17} 2 deg., or 20 deg. VP) 
3.142 


DP 


- CTh 


C4Sa) 


(48b) 


(4Sc 


(48a, 


The Gleason Works also prepared a table giving computed 
values of the form factor V appearing in the Lewis formulas for 
the strength of gear teeth, obtained, as in previous determinations 
of this important factor, by considering the load as applied at the 
outer end of the recommended form of generated bevel-gear toota 
(see Table 22). Actually, in the Gleason Works s 3 ,'stem. as in all 
efficiently operating gear assemblages, the point of apolication of 
load should be determined for each .separate combination of gears, 
tor the number 01 teetn in contact at tne .same time exerts con- 
siderable influence upon the actual strength of the aearina. w-hich. 
as a rule, is a good deal Mgher than the values arrived at by the 
Lewis method of computation. 


“MASTER-FORM” BEVEL GEARING 

Another meritorious contribution to the art of bevel gearing 
was tiia.i made bt^ the late Harvey H. iiiiams, in wiiich marked 
reductions in the expenses of bevel-gear production are secured by 
taking advantage 01 both the low cost of cutting parallel-depth 
bevel-gear teeth and of the economies of gear-tooth generation as 
well. The teeth of- the larger gear, in this system, are rnaclimed 
with simple, rack-tooth-sliaped, hign-sueed milling cutters, while 
the less numerous teeth of the mating bevel pinion are cheaply 
and accurately produced by modern gear-generating machines 
iM-tn cutting tools tnat are the comiigate of the simple, straight- 
sided tools employed for gasiiing out the tooth spaces in the 
•^master-form’’ gears. 
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This radical departure from the usual design of bevel gearing 
('see Fig. 55j is particularly noteworthy in that it is a reversion 
to and adaptation of fundamental meclianical principles tvhich 
appear to have been overlooked until quite recently in the evolu- 
tion of gearing, in spur gearing as well as bevel gearing. Toothed 
gears will roll together smoothly and emciently, provided their 
teeth and tooth spaces are conjugately related. This is the one 
essential requirement, and the form and shape of the teeth are of 
quite secondary importance. 



The development of the alnio.st universal ocioid system for 
bevel gearing, with its varj-ing tooth profile, not only from end to 
end of tooth, but for every size of gear, is based on the require- 
ment that each and every bevel gear be conjugately related to a 
crown gear with fiat -sided teeth. This is in line 'uith the simple 
rack-tooth base for the involute system of spur gearing, and, 
though there may be some advantage to such a basis in spur 
gearing, although in commercial gear production in large quanti- 
ties this is now recognized as more or less of a fallacy, there is none 
whatever hi the case of bevel gearing. 

In the master-form bevel gear, the teeth are almost as readily 
CUT as those of an ordinary spur rack and more expeditiously and 
cheaply than they can be generated. Each gear cut vvith these 
master-form teeth becomes the standard to which its mating 
pinion or pinions are proportioned. As these pinions' can be 
generated as readily as those with octoid teeth, no added difl&culty 
of expense is entailed in the manufacture of the pinions. 


S2 


standard gear bock 

PRODUCTION ECONOMIES 

The cost of cutting master-form bevel gears depends largelv 
upon the number of teeth on the gears, and it has been estiinatec 
that about SO per cent, of the combined number of teeth on the 
gear and pinions of automobile transmissions, for which mechan- 
isms these distinctive gears are well suited, are on the gear, or 
larger wheel. The master-form system materially reduces the 
cost of cutting the teeth on the gear, resulting in a considerable 
reduction in the cost of manufacturing the complete transmis- 
sion. as the cost of generating the pinion is no greater than that 
of generating an octoid pinion of the same size. 

The economy in manufacturing cost is probably the chief 
advantage of tliis system of bevel gearing, but it also possesses 
other features which have considerable merit. The peculiar 
shape of the teeth makes the gears exceedingly smooth runriing. 
and they are said to develop unusually high efficiencj- in oper- 
ation. Another advantage of the gears — one which is o: particu- 
lar value in automobile drives — is the distinctive capacitj* of the 
gears to discount disalignment. 

EFFECT OF SPRUNG SHAFTS 

The strains and wrenches to whicli the transmission of an autc- 
mobile is freciuently unavoidably subjected have a tendency to 



spring the dri\'lng shait out of alignment, seriously interfering 
with the satisfactory operation of the transmission, wiich depends 
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largely upon the exactitude of shaft alignment. The teeth of the 
gear may remain in mesh with those of the pinion, but the sprung 
shaft throws a heavy unbalanced pressure on the gears, causing 
noisy operation and undue tooth wear. This is well-nigh 
unavoidable tvhatever sj'stem of gearing is employed, but with 
master-form gearing the troubles produced by sprung shafts are 
greatly discounted. 

Figure 56 shows diagrammarically what might be expected to 
occur should the Lransmission shaft of an automobile be sprung 
out of alignment, from 0 to O'. The normal po-sition of the gears 
with their centers at 0 is depicted in full lines and in sjjrung 
position with centers at O'. For the gears to remain in mesh, 
the inner corner of the tooth A remains in the same relative 
position, but; if it vcere not for the restraining influence of the 
meshing teeth, the diagonally opposite corner would move from 
B to B’ and the .strain to nTiieh the gearing is subjected in pre- 
venting such mo\'emenT is measured by the distance bettveen B 
and B' . In the case of the ordinary octoid form of tooth, the 
disalignment strain is measured by the distance X and in the case 
of the master form of tooth by the distance Y, and Y is very 
appreciably less than X. The difference in intensity of strain, 
furthermore, is much more than the respective differences 
betv.-een the points B and B' and, if the gears are under considera- 
ble load, inaj' produce fracture in one case and not in the other. 

EFFICIENCY OF BEVEL GEARING 

The chief cause of decrease in efnciency in bevel gearing is due 
to inaccuracies in the shape and finish of the teeth, whereby a 
lateral thrust is produced that lias a tendency to force the gears 
out of mesh. This is especially noticeable in bevel gears produced 
with formed cutters, unless the gears have teeth of the parallel- 
depth variety, onung to the fact that the center angles of such 
gears and pinions seldom coincide exactly as they roll together. 
Under such circumstances, the tooth pressure cannot be normal 
at all points of engaging teeth, and a decided lateral thrust 
tending to separate the teeth is produced. Furthermore, the 
pinion, and usually the gear member as well, has to be overhung, 
so that the thrust is greatly increased at the bearing by leverage, 
materially increasing friction, t-^usting the shaft, etc. 

Nevertheless, the average efficiency of modern, high-quality 
^evel gearing is about 96 per cent under favorable conditions, 





Fig. 57.— Miier sear;. 


miter gears, is., beveb of 1 to 1 ratio transmitting power between 
sliafts at rigiit angles, the most satisiaetorv of berel-gearin? 
assemblages when accurately proportioned and properly mounter], 



SECTION VI 


HELICAL AND HERRINGBONE SPUR GEARS 

That silence and smoothness in operation, long gear life, and 
high operating emciency demanded of modern, quality, gearing 
assemblages are vcell served by the expediency of having the gear 
teeth extend helically across the face of the gears, instead of 




axially, as in ordinary spur gearing. The obliquity thus given to 
the teeth keeps each meshing pair in engagement until one or 
more of the foUouiiig sets, or pairs, of teeth are veil engaged, 
so that there is at no time anj’ sudden transference of load from 
tooth to tooth or shock of sudden tooth impact. The load is 
gradually put on a tooth and as gradually taken off. Further- 
more, in the development of this type of gearing, full advantage 
has been taken quite generally of long- and short-tooth addenda, 
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relatively higli-pressure angles, and of a cenain amount of stub- 
bing of the involute form of gear tooth by manufacturers of both 
helical and herringbone tjmes of gear, the latter variety being 
in effect simple forms of double-helical gears svith the teeth- 
changing obliciuity at mid-face. 

The characteristic helical and herringbone gear tooth is not 
only considerably stronger than that of ordinary standard spur 
gearing, but it also secures much more rolling action between 
engaging gear teeth, and, consequently, the more rugged teeth 
are subjected to less destructive sliding wear. Also, the tooth 
overlap that distributes the load more uniformly over the points 
of tooth contact serves to prevent undue wear on any localized 
portion of the teeth, still further prolonging the useful life of the 
gears. 

HELIX-ANGLE LIMITATIONS 

In the ordinary type of helical gearing for connecting parallel 
shafts, the obliquitt’ of the teeth across the full face of the gears 
sets up an unavoidable end, or axial, tlirust, making it desirable 
to use two gears of opposing but similar obliquity on the respec- 
tive shafts, so that the axial thrusts of the gears are counter- 
balanced, or else to employ intermediate gears by which a partial 
thrust balance is effected. However, while it is alwaj's advisable 
to employ duplicate helical gears of opposing tooth obliquity 
in this manner, limitations of space or other considerations fre- 
quently prohibit such constructions, making it necessary to reh' 
upon the use of suitable tlmust collars, or thrust -resisting bearings, 
to hold the gears in mesh. This, naturaliju places an arbitrary 
limitation upon the degree of feasible helix angle in customary 
applications of helical gearing: in ordinary commercial practice, 
the helix angle of helical gears is advisably kept within values 
that will hold the developed end. thrust to a maximum of 10 to 
13 per cent of the transmitted load. Such amount of created 
axial pressure has proved not to be excessive hi industrial practice 
and well vitlnn the range of e^cient control by standard thrust- 
resisting accessories. 

Where duplicate helical gears of opposing obliquity are 
employed on the same shaft for effecthig a single stage m power 
transmissions, the construction is analogous to the use of herring- 
Lone gears, which by rirtue of their distinctive tooth arrangement 
are free from unbalanced axial thrusts. The helix angle of 
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herriiigbone gears., consequeiitly, is not so sharply currailed. being 
usually about double that which is feasible in comparable helical 
gearing. 

The primarj^ object oi the helical arrangement of the gear 
teeth being to secure continuity of tootIi engagement, however, 
and, as when this is once secured further obliquity in the arrange- 
ment oi the* teeth tends simply to dissipate the applied power, 
the helix angle for herringbone gears is also arbitrarily limited. 
The maximuin angle recommended by the A.G.hl.A. is one of 
45 deg., and this should only be employed in tlie case of high-speed 
ratios. TiTien the engaging gears are more nearly of a size, the 
minimum admsable helix angle has been set by the same organiza- 
tion at 20 deg., the active face width of herringbone gears being 
usually about 50 per cent greater ilian the gear’s diametral pitch 
in the plane of rotation. In the case of helical gean?, while a 
helix angle of half that recommended for herringbone gears is 
required for gears of similar face vadih, smaller helix angles .suffice 
for helical gears v\ith face ^\'idths exceeding times the diame- 
tral pitch of the gears. The helix angle should be such as ^mll 
assure simultaneous tooth engagement between at least two sets 
of meshing teeth. 


DOUBLE-PITCH AND PRESSURE-ANGLE RELATIONSHIPS 


The helical arrangement of helical and herringbone gear teeth 


introduces a double set of pitch 
values ; one in the plane of the 
gear’s rotation, which governs 
the pitch diameter of the gears 
and the number of gear teeth; 
and a normal tooth-section 
pitch, v.'hich governs the pro- 
portions of the gear teeth. As 
a result, the pressure angle of 
the gear teeth in the plane of 
rotation is considerably greater 
than the pressure angle of the 
normal tooth profile, upon 
which the outer and root 
diameters of the gears are 
dependent. The diametral 
pitch in the plane of the gear’s 



Fig. oU, — H elical spu.r gear and pinion. 

rotation is equal to the normal 
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diametral pitch multiplied by the cosine of the helix angle; and 
the tangent of the pressure angle in the plane of gear rotation is 
equal to the tangent of the normal pressure angle divided by the 
cosine of the helix angle. 

The recommendations for minimum and maximum lielix angles 
for herringbone gears are such that the minimum pressure angle 
in planes normal to the face of the teeth is approximately HH 
deg., 'ftith the miTvimom recommended helix angle; and the maxi- 
mum normal pressure angle is approximately 18^4 deg., with the 
maximum recommended helix angle. These pressure angles in 
planes normal to the helical angle, it will be noted, are quite 
similar to the pressure angles customarily employed for ordinary 
straight-tooth spur gears. 

MODIFICATIONS OF GEAR-TOOTH PROPORTIONS 

As no tooth action can take place within the base circles of 
gears vith teeth of involute form, since the involute profiles 
originate at the base circles, it may happen that for certain 
speed, or gear, ratios and pitches the well established tooth 
proportions for standard helical and herringbone gears dp not 
provide suScient radial distance between the pitch and base 
circles to accommodate adequate involute curvature for the 
dedendum portion of a well-proponioned pinion tooth. This will 
cause objectionable undercutting and weakening of the pinion 
tooth. Under these circumstances, while retaining the standard 
working depth of the tooth, the addenda of the pinion teeth may 
be increased somewhat and, consequently, the outside diameter 
of the pinions correspondingly enlarged. This has the effect of 
making use of a portion of the involute curve that is farther 
removed from the curve’s origin for the working profile of the 
pinion tooth. 

WTien it is desired to eliminate the undercutting and maintain 
the standard whole-tooth depth, the enlargement of the outside 
diameter of the pinion is 

od enlarged = od -y 9^P ^ 

er, if it is desired simply to obtain full involute action 
the working depth of teeth, between the pinion and its 
mating gear, the outside diameter of the pinion, while main- 
taining the whole-tooth depth standard, should be made 
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oa enlargea = od 


{2A - 


(sin TT;= X n 
2DP 


493; 


^Tigh the outside diameter ot tiie piiiioii is eiiiaraed in either 
of these ways, a maintenance of the center distance between gear 
and pinion necessitates that the outside diameter of the mating 
gear, to maintain standard whole-tooth depth, be contracted a 
similar amount. However, if the center distance can be increased, 
it is advisable to increase the distance between the gear and 
pinion centers bt' an aniount equal to one-half the enlargement in 
the outer diameter oi the mating pinion and make no contraction 
in the gear-member diameters. 


VARIETIES OF HERRINGBONE GEARS 


There are at present three di- 
gears in general use: gears with s 


stinct varieties of herringbone 
;ets, or pairs, of half teeth con- 



A B C 

Fig. 61. — Taxieties of herringbone gear teeth. A. parted tooth; 3, continuoug 
looth; C, staggered tooth. 

verging torvard common mid-face ape.ves that are parted by a 
central groove, or chamiel, provided for the clearance of the 
generating tool employed for cutting the gear teeth; gears in 
which the half, right and left, helix portions of the teeth of 
onposing obiiouity meet at mid-face apexes (continuous herring- 
bones'; and gears with hah' teeth of opposing obliquity in 
staggered arrangement, to provide for the necessary^ tool 
clearance. 

These various arrangements of herringbone-gear teeth are 
simply the result of diS’erent methods of gear-tooth generation 
and have little, if any, effect upon the efficiency of the gearing. 
The design, tooth proportions, and general dimensions of the 
finished gears are much alike, except for the arrangement of the 
teeth, and have been fairh' v'eH standardized. In fact, one set 
of working formulas will suffice for all three varieties of herring- 
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bone gears and for plain helical spur gearing as -well. The various 
relationships and standard terminology as adopted by the 
A.G.M.A. are given in the table below. 






-H 

oa' -So-' 


Fig. 

62. — Herringbone sour gearing. 


HEEHrS-GBO^TE . 

i-ND Heeical 

3?up.-gea?. Teemixology 

X 

Dimension 

: Symbol 

Dimension 

Symbol 

-A-ddendum 

A ; 

Number of teeth 

-V 


? AF 


OD 

Backliish 

B 

Pitch diameter 

PD 

Clearance 

C 

Face vridth 

FW 

Center distance 

. CD 

Toot’" load 

TL 

Dedendum 

D 

Pressure axialss. 


Diametral pitches. 


ia plane of rotation 

VP 

in plane of rotation . . . . 

.. DP 

in normal profile plane . . 

VPn 


DP-rr 

TTpVv 

' VH 

Groove depth 

. . GD 

Whole depth Itooth) 

WD 


. . GW 



: Symbols for pinion msmbe) 

"5 are cusiomari 

ly distinguished from correspcudi 

.112 SVII'b-'jl'^ 

for sear rneiRbers by the use c 

: -mall, instead 

of capital, letters. 


Formulas for Helical and Herringbone Spur Gears 


PD = 

A 

DP ' 

:io) 

VP (in plane of rotation) 



Alaximu: 

m 25 deg. 

0 min. (helical) 


Alinirnui 

n 15 deg. 

23 min. (helical) 



tan VPn (in normal profile plane) = tan VP X cos VH (50a) 


tan VPyi 
cos'Fff 


( 506 ) 
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J H (herringbone gears only;- 
Maximum 45 deg. 0 min. 

Minimum 20 deg. 0 min. 


A = 


DP " 

qj 

DP 


iX. I 


(min.) 


^ 0.3 , 

^ = Dp 


0.157. 


DP 
D = A A- C 


{mm. 


DPn = 
OD = 
AF fmin.) = 


WD = 2A 4- C 
DP = DPn X cos YH 
DP 


cos YH 

2d 

DP 

7.2256S 


2A 


DP X tan YH 
FW (parted tooth) = AF -f- trTT’ 


(51g) 

(51b) 

l52) 

(53; 


Opposite 

sides 

Fig. 63. — Backlash. 


X.AJBLE 23. B-A-CSLaSE Limix.^tion's 

(A.G.M.A. Recommendations) 


Alinimum 

industrial 

gears 

B, inch . 

DP 

Minimum 

high-speed 

£02.r5 

! B. inch 

0.002 ! 

9-1 

0.003 

.002 ; 

16 

.003 

.003 i 

12 

.004 

.003 

10 

; .004 

.004 

s 

.005 

.005 

5 

.007 

.006 

5 

.OOS 

.OOS 

4 

.010 

.010 

3 

.013 

.012 ' 

2.-2 


.015 

2 


.020 

1^2 


.030 

1 
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MAXIMUM HERRINGBONE-TOOTH LOAD 

The progressive, silent meshing of the modern helical gear 
tooth employed for high-quality herringbone-spur gearing, the 
avoidance of sudden application of tooth load and the strong, 
rugsed, vrear-resLsthig iorm oi the gear tootn notv generahy 
standard for such gearing have created a need ior a dependable 
formula for ascertaining the iriaximum tooth load the gearing 
can safely carry, a formula that takes into account the questions 
of tooth wear and suitable tooth lubrication, as well as that of 
tooth strength. Both the A.G.M.A. and certain manufacturers 
of herringbone gearing have devoted much attention to the 
derivation of such a formula and marked progress has been made. 

The A.G.M.A. has adopted a simple equation for determining 
the maximum tooth load in which the controlling factors are a 
tooth proportion factor, allowable static stress of the gear material 
and a velocity factor, as well as the diametral pitch of the gear in 
the plane of rotation and an empirical factor pertaining to tooth 
wear and lubrication. 


YXSX K 
DP XP 


[0‘±j 


where TL = maximum tooth load per incli active gear face. 
Y = tooth proportion factor. 

S = allowable static stress of gear material. 

K = velocity' factor. 

DP = diametral pitch in plane of gear rotation. 

P = wear and lubrication factor. 



Fig. 64. — Seciion of herringbone gear tooth in plane of rotation. 

The tooth proportion factor Y, wliich has been established by 
experience, is equal to the square of the tooth-dank width in the 
plane of gear rotation, measured just above the fillets, divided 
by six times the radial leverage of the gear tooth. This latter 
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is ihe radial distance from the intersection of the line of action 
and the center line of the tooth to the tooth-flank-tvidth plane. 


TFW- 

QRL 


The allowable static stresses 


of certain suitable herringbone- 


gear materiais are given in Table 24. ^Materials of higher physi- 
cal characteristics than those listed for steels are not considered 


■well suited for h 
cut after the gear 


erringbone gears, as such gears are customarih' 
blanks have been heat treated, and harder mate- 


rials would present undue machining difficulties. 


Table 24. — Allov.'able .Static Stsess of Matsrial 

Material S 

High carbon or alloy steels heat treated to an elastic limit of approxi- 
mately 60.000 lb. per square inch 15.000 

0,40 to 0.50 carbon steel heat treated to an elastic limit of approxi- 
mately 50,000 lb. per square inch 12.500 

0.40 to 0.50 carbon steel untreated with an elastic limit of approxi- 
mately 40Xi00 lb. per square inch 10.000 

Cast steel A.S.T.M. Class B. Elastic limit approximately .36.000 ib. 

per square inch 7,500 

Cast iron. Tensile strength approximate!}' 24.000 lb. per square 

inch 4 , 000 

Bronze SS-10-2 Tensile strength approximately 27,000 lb. per square 
inch 4,000 


The velocity factor K, in feet per minute, is computed by 
dividing the constant 78 by the sum of 78 and the square root of 
the pitch-line velocity of the gear, in feet per minute. 


K = 


78 

78 -f VHTF 


(545) 


For enclosed gearing for which the viscosity and characteristics 
of the lubricant are correctly chosen, for both the type of gear 
assemblage and the service, a wear and lubrication factor P of 
1.15 is recommended. 


COMMERCLAL HORSEPOWER FORMTJXA 
(Farrel-Birmingham Company) 

Commercialiy, the approach to this important question of 
herringbone-gear tooth strength has been somewhat different, 
the problem having been resolved to the derivation of a practical 
horsepower formula that takes into account the considerations of 
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character of load and of duration of service, as well as the influ- 
encing factors accounted for in the A.G.M.A. formula for maxi- 
mum tooth load. One of the most accurate and useful of these 
horsepower formulas is 


HP 


S X Fir X PD- X Q X C X PPM 
1,260 


where S 
FW 
PD 
Q 
C 

RPM 


material factor (see Tables 25a and 25&). 
face width (active) of gear, inches, 
pitch diameter in plane of gear rotation, inches, 
installation factor (see Table 25c). 
character of loads factor (see Table 2od ) . 
revolutions per minute of pinion member. 


T.A3LE 25 a. — Geae-mateeial Specificatioxs 


Number 


Material 


Hardness, 

Brinell 


Pinion Steel 


! 

IT . 

1 

: 0 . 40-0 . 50 per cent carbon 

I 

j 175-200 

2P 

. 50— . 60 per cent carbon 

^ 175-200 

3P i 

. 50- . 60 per cent carbon 

200-225 

4P i 

! . 50- . 60 per cent carbon 

1 225-250 

oP ; 

S.A.E. 3240 or equivalent 

1 225-250 

6P i 

S.A.E. 3240 or equivalent 

; 250-275 

7P j 

S.A.E. 3240 or equivalent 

275-300 

sp ! 

S.A.E. 2320 case-hardened 

450-500 


Gear Steel 


IG 

Appro?iiinately 0 . 30 per cent carbon 


2G 

Approximateh' 0 . 40 per cent carbon 


ZG 

Special 



If the assumption is made that the face width of the p in i on 
member, in a herringbone-gear drive, should be 50 per cent greater 
than its pitch diameter (pd). which is quite common practice 
in many installations of herringbone gearing, the correct pitch 
diameter is readily computed by the formula 

, _ HP X S40 

^ SXQXC X RPM 
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i ABLE 256 . — M-\terial Factor S 


Maierial 
factor 5 

Gear-maierial 

specincation.s 

Pinion member 

Gear member 

1.0 

; A.P 

IG 

1.1 

i 2P 

IG 

1.2 

\ 3P 

IG 

1.3 

i i 

IG 

1.4 

■ 5P i 

2G 

1.0 

6P 

2G 

1.6 

t 7P 

2G 

2.0 

SP 

3G 


Table 25c.- — Ixsta.llatiox Factor Q 


Tj'pe of installation 

Tooth 

velocitj-, feet per minute 

1,000 to 2,000 

500 to 1,000 ' Under 500 

Enclosed gears 

1.0 

1.2 1.4 

Open gearing 

\ 

1.0 1.2 


Table 25^. — Cearacter of Loads G 




Conditions 


Character of loads ' 

Con- 

, Con- 

1 Intermit- 

j Intermit- 


tinuous 

tinuous 

tent over 

tsnt undsr 


24 hr. 

10 hr. 

5 hr. 

5 hr. 

Full-load rating tvitb shut- ; 





dornis ordy for repairs . . . • 

0.45 


0.30 

1.10 

Friction loads to full motor ; 





overloads tvith frequent \ 





power fluctuations 1 

0.60 

O.SO 

1.10 

1.50 

Friction loads to part full- ■ 



load rating, average run- i 
ning 75 % full-load rating i 

O.SO 

1.10 

; 1.50 

2.00 

Friction loads to part full- ■ 





load rating with majority ; 
under 50 % full-load rat- ? 





ing 1 

1.10 

1.50 

2.00 

2.70 
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NOISE AND VIBRATION 

While herringbone and helical spiir-gear assemblages are 
inherentlv quiei in operaiion, this liighlj' desirable cnaracierisiic 
is attained oiilv ii the gearing is acctirateit’" formed ana certain 
definite precautions are taken. Even tiien, external causes may 
create disttiriiances which sometimes have disagreeable results. 
For this reason, it is important to have a clear aptn’eciation ot the 
causes of objectionable noise in gearing, which may mean any- 
thing from a crushing rumble to an ear-splitting scream. 

As a general rule, the cause of noisy gearing is the recurrent 
separation and contact of the engaging gear teeth,, and this takes 
place only when there is a variation in the instantaneous angular 
velocities of the respective gear menibers. Ordinarily, the 
disturbance is due to some imperfection in the tooth profiles or to 
eccentricities in the rotatmg gears, though occasionally outside 
conditions, which have little or nothing to do tmh the accuracy 
of the gear cutting, are responsible. 

The chief machining, and hence controllable, errors in helicai- 
and herrmgbone-gear teeth productive of variations in angular 
velocity are either in the division of the teeth around the gear 
a.xis or the fact that some point, or points, on the profile surface 
of one or more of the gear teeth lies outside the involute curve 
passing through the pitch point of the tooth. The correction for 
these e-vuls is, obmously, gi'eater care and accuracy in generating 
the gear teeth. 

Also, high-speed gears must be accurately balanced, the gear 
shafts true, round, and parallel to each other, the helix angles 
correct and equal, and the gear teeth properly lubricated. 
Proper bearing support, likewise, plays an important part. 

A set of gears may rattle when runnina light, for no other 
reason than because the larger gear is slightly out of balance and 
periodically overruns ilie pinion, yei, when the gearing is placed 
tmder load, the noise may largely disappear. However, this 
occurs only if the gear teeth are accurately generated and the gear 
is well mounted. In otner cases, as slight an excess in weight as 
a short piece of key protruding oeliind a pinion coupling may 
cause a ingii-speed sieam-xm’bine drive to be excessively noisy 
when under load. 

Noise disturbances traceable to external causes, to trying 
service conditions, are naturally apt to be the most troublesome; 
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Still, in many instances, even these can be niuch reduced, and the 
deterioration tne noise usually indicates considerably retarded. 
Typical oi tnis siiuation are the roar and violent vibration com- 
monlj^ deveioped wiien sjnicm'onous motors are used to drive ball- 
grinding mil^s through iielicai or herringbone gearing of relativelv 
high-gear, or speed, ratio. Such objectionable disturbances 
apparently have nothing to do tvith the quality of the gearing 
employed. Xevertheless, thet* are occasioned hy the repeated 
make-and-break contact of the gear teeth tvhich is attributable 
to variations in the angular velociit’’ of the respective gear 
members. 

The ball mill, because of the sliding and rolling of its heavy 
charge, is subjected to rapid changes in the angular velocity of 
its revolving cylinder, to which the gear member of the drive 
transmission is connected. These changes in rotary speed may 
not be large, but they are relatively rapid and thbratory in 
character. The motor and the driving pinion, on the other 
hand, endeavor to maintain a constant rotary speed, vitli the 
result, since a certain backlash between the engaging teeth is 
essential, that the meslhng pinion and gear teeth are continuously 
separating and reengaging. 

No matter how accurately the gears may be cut, balanced 
and mounted, there is a decided unbalance in momentum between 
the gear and its load, on the one hand, and the pinion with its 
power supply, on the other. Variation in the angular velocity 
of the respective gear members is the inevitable result. 

In such situations, which, incident ally, are far from rare, a 
certain amount of relief is usually possible by reducing the 
momentum (flywheel enect) of the driving motor and pinion by 
the interposition of a resilient connection, such as a suitable form 
of flexible coupling, between the motor and the pinion. This 
will have the enect of permitting the pinion, which of itself is 
comparatively light and develops little momentum, to follow up 
the rapid changes in the angular velocity of the gear and thus 
maintain more intimate and constant tooth contact. Not onIy> 
will the noise be greatly reduced, but the gearing will not wear 
out so rapidly. 


EFFICIENCY OF HELICAL AND HERRINGBONE GEARING 

The accuracy attainable in form and divisional spacing of 
teeth around the axes of helical and herringbone gears, made 
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possible by modem methods of approved gear-tooth generation, 
is not only the basic reason for the comparatively silent and 
vibrationiess operation of such gearing but, together vith the 
constancy of engagement of helically arranged gear teeth and 
absence of all shock of tooth impact, explains the high mechanical 
efficiency secured with the gearing. This is assuming, of course, 
that the gears are correctly designed, proportioned, and mounted 
in the first place, that the gear teeth are properly lubricated, 
and that the original accuracy of tooth form is not impaired by 
stresses incidental to motion and transmission of power, or to 
marked changes of temperature. 

In well-proportioned steam-turbine drives, enclosed helical 
gearing has developed transmission efficiencies of 99 per cent 
and even higher, while an efficiency of 983--2 is held to be 
quite a conservative figure. For gear ratios up to 10:1, the 
efficiency of accurately generated herringbone gears is better 
than 98 per cent and, not infrequently, by a point or more, leaving 
little attainable imDrovement. 


Not only are the gears remarkably efficient, but the sturdy, 
well-proportioned tooth standardized upon for helical and 
herringbone gears resists wear well and maintains its original 
accuracy of form over long periods of service— if the gears are 
accurately mounted and well balanced. Good alignment, 
concentricity, and equalization of all journal pressures are, 
however, prerequisites. 



SECTIOX VII 


SPIRAL GEARING 

“Spiral gearing" is the term somewhat erroneously applied 
to that large group of helical-type gears employed for trans- 
miiting motion between shafts that are neither parallel nor in 
the same plane. The teeth of these gears are arranged helically, 
like the threads of a screw, or worm, not spirally, and the axes 
of the gears do not intersect. This combination of tooth and 
shaft angularities tends naturally to compHcate both the design 
and production of this form of gearing. 




The simplest arrangement of these distinctive gears is, obvi- 
ously, that in which the axes of the respective gear members he 
in normal planes, z.e., when the axes of the mating gears lie in 
planes that are at right angles. Under these conditions, the 
helix angles -of the enga^g gears, commonly mistermed ''‘spiral 
angles,"’ are of the same direction of obliquity, right or left 
hand, though not necessarily of the same angular measure. 
However, the sum of the two helix angles are, in right-angle 
spiral gearing, always equal to 90 deg. 

In hehcal-spiir gearing connecting parallel shafts (see Sec. VI), 
the obhquity of the helix angles of the respective gear members, 
while the same in angular measure, is always opposed, right 
hand and left. The sum of the helix angles in such gearing 
is not fixed but is governed by the need of keeping the axial 

99 


100 


STAXDARD GEA.R BOOK 


liirusi developed by the oblique arrangement oi teeth within 
reasonable limits. 

When the gear axes in spiral gearing are at any angle betv.-een 
90 deg., vrhen they lie in noi-mal planes, and 0 deg., when they 
are parallel, the helix angles of the respective gear members 
driver and follower, may be of the same directional obhquity 
or one mav be riglit hand and the otiier leit hand, bhould 
the helix angle of one of the gear members be the same as the 
acute angle of normally- intersecting gear-axis planes, however. 



Fig. 67. — Spiral gearing ■^rith helix angles of 
. opposing and similar hands. 



i.c,, equal to the shaft angle, the mating gear member takes the. 
form of an ordinary spur gear with teeth parallel to its a.xis. 

The relationship between the helix and shaft angles of spiral 
gears, when the axes- of the engaging gears are not parallel or 
at right angles, is such that, v.-hen the helices are of the same 
hand, the sum of the helix angles is equal to the shaft angle; 
and; when the helices are ox dissimilar oblioptity, one right and 
the other left, the dinerence of the helLx angles is equal to the 
shaft angle. Consequently, vrhen one of the mating gears is a 
plain spur gear, with a helix angle of zero, the helix angle of the 
spiral-gear member is the same as the shaft, or axis, angle of the 
combination. 


SPEED -RATIO RELATIONSHIPS 

The gear, or speed, ratio of engaging spiral gears can be 
modified in two v,'ays; by changing the pitch diameters of the 
respective gear members, as is customary in other systems of 
gearing, and, also, by changing the helix angles of the driver 
and follower members. The latter method of changing the speed 
ratio, wliile it changes the number of teeth and so alters the 
pitch-line velocities of the respective gear members, need not 
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necessarily change the pitcii diameters of the respective gears. 
In tact, the pitch-line velocities of the engaging gears in spiral 
gearing are never the same unless the helix angles of both the 
driver and follotver are the same and equal to half the shaft angle. 



Fig. 69. — B.ighr-£ngle spiral 


gears of common pitch diam- 
eter and helix angle. 



The right-angle spiral gears, shown in three-view diagram 
form, with 4o-deg. helix angles and common pitch diameters, 
have naturally a speed ratio of 1 to 1, both the driver and 
follower hatnng the same number of teeth. The spiral gears 
(Fig. 70) also have 4o-deg. helix angles, but the follower has twice 
as many teeth as the driver and so the speed ratio is 2 to 1. 


In the case of the gearing illustrated in 
Fig. 71, the helix angle of the driver is 
considerably greater than 45 deg. and 
that of the follovrer correspondingly less, 
their combined measure equaling 90 deg. 
The result is that, while the normal 
pitches of the gear members are neces- 
sarily the same, their circular pitches in 
the planes of rotation are quite dissimilar 
— hence the pitch-line velocities of the 
two gears are different. The follower 
revolves at only half the speed of the 




rai gears of 2 to 1 ratio ■nri^ 
dissimilar helix angles. 


driver and a 2-to-l speed ratio is secured with spiral-gear mem- 


bers of like pitch diameters. This ability of modifying the speed 
ratio in spiral gearing by simply changing the helix angles of the 
respective gear members (which can be done with or without 
alteration in their pitch diameters) makes it possible to secure 
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any desired speed, or gear, ratio with 2 
combined pitch radii equal to the di; 
the gears; i.e., equal to the center di 


pair of spiral gears havin 


tance between the axes 
lance of the gearing. 


01 


HELIX-ANGLE- SELECTION 

While from the viewpoint simply of gear design, there is thus 
a limitless range of choice in respect to the helix angles of spiral 
gears, the most favorable helix angle, so far as durability and 
minimum tooth wear are concerned, is one of 45 deg. for right- 
angle spiral gearing or one equal to half the shaft angle when 
the axes of the mating gea.rs are at other angles. Naturally, 
it is admsable to employ such helix angles when possible, but 
as there is really little increase in the amount of tooth wear with 
helix angles of 30 to 60 deg. and no serious developments over a 
helix-angle range of 20 to 70 deg., there is also a wide practical, 
as well as theoretical, permissible variation in the selection of 
hehx angles. 

If the axes of the gear members are at right angles and the 
required speed ratio can be made equal to the dh-ect ratio of 
the pitch diameters of the gears,' the same ratio applies to the 
number of teeth and the helix angles of the engaging gear teeth 
are both adtisably 45 deg. In such cases, the chcular pitches 
of the gears in the planes of rotation are also alike, a condition 
that is only possible when the helix angles of the mating gears 
are both 45 deg. However, if the ratio of the diameters deter- 
mined upon should be larger or smaller than the required speed 
ratio, the helix angles for the respective gear members, driver 
and follower, should advisably be: 


tan vh 


pel X -V 
PD Xn 


nd 


tan VH = 


PD Xn 
pd X N 


(56) 


In such combinations of sphal gearing, the speed, or gear, ratio 
is measured by the number of teeth and not by the pitch diame- 
ters of the gears. 


HELIX LEADS 

To deternhne the circular pitch of spiral gears in the plane 
of gear rotation, which may or may not be the same for mating 
spiral gears, it is only necessarj* to divide the pitch circumference 
by the number of teeth, but the normal circular pitch, which 
must be the same for the two gears, is that portion of the helix 


f, C»q 
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normal to ihe pitch-line element of the gear teeth that lies- 
between consecutive gear teeth and is at right angles to the 
tooth helix (see Fig. 72). It is equal to the circular pitch of 
the gears in the plane of rotation multiplied by the cosine of the 
helix angle of the gear teeth. 



When the helix angles of mating spiral-gear teeth are ihe 
same, when they are both 45 deg., the normal pitches of the 
gears are equal and, if the gears are of the same pitch diameter, 
they will have the same number of teeth and also the same helix 
lead. This latter measure is the distance that the normal helix 
advances in one complete wrap of the pitch cylinder. If the 
number of teeth in one of the gear members is larger or smaller 
than in the other, the pitch diameters of the gears- and the leads 
of their respective normal helices are proportional to the number 
of teeth in the gears, promded both gears have 45- 
deg. tooth-helix angles. 

The normal pitch, which governs the tooth pro- 
portions and for which the cutting tools in gear 
production are selected, when multiplied by the 
number of teeth gives the length aghd (Fig. 72) 
of the normal helix between consecutive intersec- 
tions of the normal helix with its mating tooth 

helix. This is shown somewhat more clearly in pitch ^ cylinder 

Fig. 73, where the tooth-helix angle daq is a small 

angle. In this latter illustration, the portion of 

the normal helix ad, which corresponds lO agha in Fig. /2, 

takes in, or cuts, all the teeth, and the product- of the normal 

pitch ao multiplied by the numoer oi teeth equals che lenguU 

of the partial normal-helix wrap ahpd. 

The portion of the normal-helix wrap intersected by the helix 
of a single tooth, z.e., by the portion of the normal-helix wrap 
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that cuts all the teeth, grovts shorter as the tooth-helix angle 
increases and may form only a small part of a complete ■'.vrap 
of the normal helix. Diagram A (Fig. 74) is a development 
of Fig. 73, ad being the developed length of the portion of the 
normal helix cutting all the teeth and the angle akd the tooth- 
helix angle. In diagram B. the tooth-helix angle is considerably 
larger and the portion of the normal helix ad correspondingly 
shorter, while in the third diagram the tooth-helix angle is 
much larger and ad consequently much shorter. 




Fig. 75. — Single thread 
worm, or spiral gear. 


In an extreme case, where the tooth-helix angle of a spiral 
gear is so large that the gear becomes a single-thread worm 
(see Fig, 75), the portion of the normal-helix wrap ad is subtended 
by the normal pitch ao, points d and o coinciding. As is common, 
the normal pitch multiplied by the number of teeth, 1 in this 
case, equals the length of the portion of the normal helix cut 
off between two consecutive intersections by the tooth helix. 


Spiral-gear Tersiixology* 


DiRiension 

Symbol 

Dimension 

Symbol 

Helix angle 

YH 

^ Circular nitch 

CP 

Pressure angle 

. VP 

Diametral uitcli 

DP 

Shait angle (axes) 

. VA 

Diametral pitch, normal. 

. NDP 

Addendum 

' 4. 


VP 

Dedendur^ 

D 


nn 

Clearance 

C 

Pitch dia'o-'erpr 

PD 

Circular thickness 

. CTh 

Lead ''nornml he'ix'i. 

L 

Whole-tooth denth. . . . 

. WD 


A' 

- 

“ Symbols for driver members 

are cusic-mar 


iiEg symbols 

fOT fcliower mertibers by the use 

oi smsil, insie 

ad OI capiial, ieiters. 







SPIRAL GEARING 

105 

VA 

General Formulas for Spiral Gearing 

= vh — T H (tooth helices of same hand) 

(57a) 

VA 

= vk — vH (tooth helices of opposite hand) 

(57&) 

PD 

_CP XN _ ihPXW W 

3.1416 3.1416 cos VH NDPcos VH 

(5S) 

OD 

= PD^2A-PD + ,.-^p 

(59) 

CP 

3.1416PD NP 

N . cos VH 

(60) 

NP 

CP cos VH 

(61) 

NDP 

3.1416 

NP 

(62) 

A 

= 3.m6 - NDP = 

(63) 

D 

A A. 0.iCTh 

(64) 

C 

OACTh 

(65) 

CTh 

0.5.VP 

(66) 

WD 

2.4 ^ OACTh 

(67) 

L 

N X CP 3.1416 

tan VH DP tan VH 

(68) 


APPLICATION OP FORMULAS 

Ordinarily the specifications for a pair of spiral gears give the 
required speed, or gear, ratio, center distance, and the angularity 
of the gear axes, or shafts. For instance, the requirements might 
call for a pair of spiral gears of 2 to 1 ratio operatmg on 6-in. 
centers on shafts at an angle of 30 deg. In such a case, either 
the number of teeth for the gears, or their common normal pitch 
would first have to be established, preferably the latter. The 
pitch is favored for the reason that a normal pitch can be selected 
for which standard working tools are available, while, if the 
number of teeth on the respective gears should first be arbitrarily 
fixed, the normal pitch that would result would almost certainly 
involve the use of special cutting tools, the resulting pitch seldom 
being of standard measure. 

With a shaft angle of 30 deg., it is evident that, if the helix 
angles for the teeth of the gears are not to be less than 20 or 
greater than 70 deg., the tooth helices of the respective gear 
members must either be of opposite hand, or one of the gears 
have teeth at a helix angle of 30 deg. and the other have 
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ordinary, axial, spur-gear reeili. Ii may be assumed, iurther- 
more, that a norma.1 diameiral piicli of 4 vrould be satisfactory. 


Problem in Spiral-gear Design 


Specifications: Required a pair of spiral gears: ratio 2 to i. to operate on 
6-in. centers between shafts at 30 deg. 

Pitch diameter ratio (spur gears) for 2 to 1 ratio on 6-iii. centers 


^ iri ]Ti 

Assume 4 diametral pitch 

Eespectiue number of teeth of iDP for 4-in. gear 16 

for S-in. gear 32 

Trial Cotnputaiions: 


VH = 30 deg. : SO-tooth spiral-gear follower . . . .' 4-VZ)P 

vh = 0 deg.; IS-tooth spur-gear driver 4DP 


PD 

pd 

CD 


30 

4 X cos 30 deg. 

= 3. 1'oO ill. 
8.661 —S.7o __ 
5 — 


= 8.661 in. 


6.206 in. 


(58) 


VH 

vh 


0 deg.: 30-tooth spur-gear follow'er. 
30 deg.: 15-tooth spiral-gear driver 

PD = = 7.500 in. 


pa 


4 X cos 30 des. 


= 4.331 in. 


rTt ^ "b 4.3:31 _ ^ . 

CD = = o.91o in. 


. ADP 
4.VDP 


(os; 


VH = 20 deg. : 

30-too uh spiral-gear follower 

AX DP 

vh = 50 deg.: 

15-toouh sp'hal-gear driver 

4.YDP 


PD - , - 7.981 in. 

4 X cos 20 deg. 

(58) 


^“~4Xcos50deg, 

(58) 


7.981 -f- 4.S95 „ 

CD = = fa. 433 in. 


VH = 20 deg. ; 

28-tooth spiral-gear follower 

4.VDP 

vk = 60 deg. : 


A\'T\'0 

PD 

~4Xcos 20 deg. 

(58) 

pd 

“iXcosoOdeg, (O.K.) 


CD 

7.449 -f- 4.568 „ . 

~ 2 — 6.00s in. (.O.K.) 
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Normal pitch: 

NP 

3.1416 

= O.i bot in. 

(62) 

Circular thicknes: 

CTh 

0.5 X 0-S754 = Q.3927 in. 

(56j 

Clearance : 

r 

0.1 X 0.3927 = 0.0.393 in. 

(65j 

Addendum : 




A 

= 1 = 0.2500 m. 
o.i-lo 4 

(63; 

Dedendum : 

D 

= 0.2.5 -f- 0.0393 = 0.2S93 in. 

(64; 

Whole depth (too 

th); 




TTD 

= 2 X 0.2-3 T 0.0-3.S3 = 0.5393 in. 

(67) 

Circular pitch: 




(Folio v/er) 

CP 

0.78-54 . 

— = O.boob m. 

(60) 



cos 20 aeg. 


(Driver) 

cp 

0./S54 , i-v-i-o • 

, = 1.02o3 in. 

cos oO deg. 

(60) 

Outside diameter; 




(Follower) 

OD 

7.449 — 2 X 0.25 = 7.949 in. 

(59) 

(Driver) 

od 

4.56S -r 2 X 0.25 = 5.065 in. 

(59) 


If the gear axes were parallel and the gear assemblage had 
consisted of a pair of ordinary spur gears, the pitch diameters 
of the respective gears for a 2-to-l ratio would have been 4 and 
S in. With a diametral pitch of 4, one gear would then have 
had 16 teeth and the other 32 teeth. While these considerations 
have no direct connection t%nth the specific problem, they do 
nevertheless limit the scope of the investigations needed for a 
solution of the problem. As an effect of the oblique arrangement 
of the teeth in spiral gearing is to increase the pitch diameters 
of the gears, the circumferential pitch of a spiral gear is always 
larger than its normal pitch. It is quite obvious then that the 
respective spiral-gear members must have- fewer teeth than the 
gears of ordinary spur tjme for a given speed ratio on fixed 
centers, if the normal pitch of the spiral gears, for which their 
working tools are selected, is to be the same as the circumferential 
pitch of spur gears of like ratio operating on a similar center 
distance. 
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The fact that the specined shaft angle is an angle that would 
be suitable for the helix angle of the teeth of a spiral gear is oi 
interest, for such a helix angle could be employed under the 
proper conditions for one ot the spiral gears ana an ordinary 
spur gear used for its mate. The combination would be almost 
as efficient as an all-spiral gear drive and somewhat cheaper. 

To ascertain whether such a spiral-spur-gear combination 
could be used ttith gears of the pitch selected on the prescribed 
centers, it is first necessary to select gears •v\-ith fewer teeth than 
vtould be required for spur gears operating on the same center 
distance. The smallest reduction would be two teeth in the 
larger gear, the follower member, and one tooth in the smaller, 
or driver member. That is, the spiral-spur-gear combination 
might have 30 teeth in the follower and 15 teeth in the driver. 

Considering first making the follower the spiral-gear member 
vith 30 teeth of 4 normal diametral pitch at 30-deg. obliquity, 
the pitch diameter of such a gear is found by formula (58) to 
be 8.661 in. The driver, being an ordinary 15-tooth, 4-diametrai- 
pitch spur gear would have a pitch diameter of 3.75 in. The 
combined pitch radii of the two gears would then be 6.206 in., 
or slightly more than in. greater than the prescribed center 
distance. 

Making the follower the spur-gear member and the driver 
the spiral gear would give somewhat different results, the com- 
bined pitch radii in such case being 5.915 in. This is almost 
^10 in. less than the prescribed center distance and, while this 
gearing and the other spiral-spur-gear combination would involve 
onl\^ slight modifications in the center distance to operate 
efficiently, neither vrould represent the highest type of gearing 
called for by the specifications. Better results could be secured 
with the helical arrangement of teeth for both gears. 

The hmitations placed upon spiral gearing by excessive and 
by inadequate obliquities in helix angles narrow the range of 
suitable angles for the driver to between 50 and 70 deg. and 
for the follower to between 20 and 40 deg. [formula 575)]. Select- 
ing the smallest suitable tooth obliquity for the follower, the 
pitch diameter of a 30-tooth spiral gear with 4-normal-diametrai 
pitch teeth at 20-deg. obliquity would be 7.981 in. That for a 
mating driver tsuth 15 teeth of similar normal-diametral pitch 
and necessary 50-deg. tooth helix would be 4.895 in. Half 
the sum of these pitch diameters is 6.438 in., or nearly in. 
greater than the prescribed center distance. 
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Any greater obliquity to the follower teeth v»’ouid result in a 
larger lollov.'er-pitch diameterj the increase being more than the 
decrease in driver-pitcn diameter resulting from the correspond- 
ing decrease in the driver's tooth-helix angle. Consequently, 
spiral gears either v.dth still fev\-er teeth or wiih teeth of nner 
pitch are required. 

The pitch diameter of a 28-tooih, 4-normal-diametral pitch, 
20-deg. tooth-helix spiral gear is 7.449 in. and the pitch diameter 
of its mating 14-tooth, 4-normal-diametrai pitch, 50-deg. tooth- 
helix driver is 4.568 in., making the combined pitch radii of this 
combination 6.00S in. This dimension agrees so closely tmh 
the prescribed center distance of 6 in. that the gear combination 
may be said to conform to the specifications. The difference 
of 8/1,000 in. in the spacing of the gears might be shaded by 
some other combination, but it is sumciently small to be dis- 
regarded with safety, even in high-class work, especially as spiral 
gearing permits of somewhat greater center adjustment than 
does ordinary spur gearing. 


SPIRAL-GEAR EFFICIENCY 

Spiral gearing, while it has certain inherent weaknesses, is 
generally smoother in operation than comparable spur gearing. 
Tooth contact takes place first at one side of a gear, passes 
across the gear face, and ceases at the other side. This action 
tends to cover up any minor defects in the profiles and form of 
the teeth and maladjustments of centers. Accurately generated 
spiral gears, well mounted and properly cared for, have efficiencies 
varmng from about 50 up to as high as 90 per cent, depending 
upon the helix angles of the teeth. 

Ordinarily, spiral gears are operated at right angles with a 
common tooth obliquity of 45 deg., and, while this helix angle 
is desirable from the viewpoint of holding down tooth wear, 
the shaft angle of 90 deg. sharply limits the duration of tooth 
contact and tends to concentrate the load on the mid-tooth 
section. Tliis is especially marked when the gears differ con- 
siderably in size, for which reason gear ratios of more than 
10 or 12 to 1 are not usually to be recommended. 


direction of rotation and thrust 

In common with all other types of helical gearing, spiral 
gears develop axial thrusts that necessitate the protusion of 
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suitable antifriction-thrusi collars or bearings, which, naturally, 
must be correciiy located. In this connection, both the direction 
of the tooth helix, right or left hand, and the direction of gear 
rotation have to be taken into account, for reversing the direction 




Fig. Ttj. — Right-hand 
spiral gears — ciockuise 

rotation. 


Fig. 77. — R.igh*-band spi- 
ral gears — counterclocktrise 
rotation. 




of Spiral-gear drivers changes the direction of the axial thrusts. 
Also, if the driven gears, or followers, are made the drivers, the 
axial thrusts are also reversed. 

The diagrams (Figs. 76 to 79) show by the small arrows pro- 
truding from the sides of the respective gears the directions of 
the thrusts in the several cases. Figures 76 and 77 are depictions 
of right-hand spiral gears, while Figs. 7S and 79 illustrate left- 
hand gear combinations. 
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WORM GEARING 

Advance in the design of toothed gearing has been most 
pronounced in the case of worms and worm gears., owing to the 
fact that, wliile the principle of the worm and gear as a means 
of transmitting power is old, it has only been comparatively 
recently that the essentials underhung the approved design 
of worm gearing, embodjung many modern features of high 
demonstrated merit, have been generally appreciated. From 
the old screw-tjme form of worm with a low helix angle, or lead, 
and a mechanical efficiency of 30 or 40 per cent to the high-helix, 
glass-hard, modern, ground worm developing an efficiency of 
frequently better than 97 per cent is a long step, one that has 
upset many of the premously accredited theories in reference 
to worm geariPxg. 

For this reason, it is advisable first to take up the recommenda- 
tions of the A.G.M.A. for formulas and specifications covering 
so-term.ed “standard'’ worm and worm gears suitable for general 
commercial purposes, where the gearing is furnished without 
bearings or housings. This group includes only right-angle 
gearing of ordinary pitches, multiplicity of threads, and gear 
ratios, and is not intended to cover cases where the duty imposed 
on the gearing justifies a further refinement of design than that 
used for general-purpose worms and gears. 


GENERAL INDUSTRIAL RANGE 

The standard linear pitches, i.e., the axial distance between 
worm threads and the circumferential distance between con- 
secutive engaging teeth on the worm gear, covered by this 
general-purpose range are: 11, jfs, fl 1, 1^1, 1 ^ 2 ,’ 

2 in. Single-, double-, triple-, and quadruple-thread worms 
and worm gears are included and the standard gear ratios range 
from 10 to 1 to 100 to 1, 
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Linear niteh. 

... LP 

Kevwav 

Ky 

4 

Pitch diameter 

... PD 

\fideTidnm 

Outside diameter 

.... OD 

Whole denth ftooth) 

WD 

Root diameter 

.... RD 

Normal tooth thickness. . . 

XTT 

Hub diai^eter 

... HD 

Ton ronnd 

TR 

VL 

Bore (maximum) 

...‘ BD 

Lead ansle 

Face length 

(..t FL 


L 

VXP 

Hub extensions 

t ; 

...: HE 

Normal nressure angle .... 

Hub leneth 

...‘ HL 

Number of teeth (worm. 




gear) 

N 


Fohmtlas foe Staxdard Worms 


Symbol 

Single and double 
thread 

^ Triple and quadrunle 
thread 

Fonnul 

PD 

2.4 X LP - l.i 

: 2.4 X IP - 1.1 

(69) 

OD 

3.036 X LP m i .i 

,2.972 XLP - 1.1 

(70) 

RD 

1.664 X LP - i.l 

: 1.726 XLP - 1.1 

(7F 

HD 

1.664 X LP — 1 

^ 1.725 X IP H- 1 

(72'i 

BD 

LP -r 0.62a 

LP - 0.625 

(73) 

FL 

LP X (4.5 - 0.02W1 

IP X (4.5 - 0.02N' 

(741 

HE 

LP 

LP 

(75) 

HL 

PL -2 X LP 

FL - 2 X LP 

(76) 

Ky 

-\.G.M..^. Standard 

: A.G.M.A. Standard 


A ! 

0.318 X LP 

0.2S6 X IP 

(77) 

WD ! 

0.6S6 X LP 

■ 0.623 X IP 

(73) 

VL ! 

cotrL-™X“« 

cot FI - X^.1416 

(79) 

NTT 1 

0.5 X LP X cos VL 

0.5 X LP X cos FI 

(80) 

TR 

0.05 X LP 

0.05 X LP 

(SI) 

VKP i 

14M deg. 

20 deg. 






WORM GEARING 113 


CD 



Additioxal Notatiox" fos Standard Worm Gears 


Dimension ^ 

Symbol 

Dimension 

Svinoo^ 

Circular pitch, (linear ! 


Radius of wheel face. . . 

RWF 

pitch) : 

LP 

Radius of wheel rim. . . 

RWR 

Throat diameter ' 

TD 

Edge round 

BR 

Face width 

FIT 

Cenrer d^ stance 

CD 


Formueas for Standard Worm Gears 


Symbol 

Single and double 
■ thread 

i Triple and quadruple 
thread 

Formula 

PD 

■ iV X 0.31S3 X LP 

; A X 0.31S3 X LP 

(52) 

TD 

, PD 4- G.636LF 

i PD T 0.572LP 

(S3; 

OD 

' TD A 0.4775LP 

; TD - 0.3lS3iP 

(S4) 

HD 

; 1.S755D 

1.S755D 

(So) 

Kv 

A.G.M.A. Standard 

A.G.M.4. StaT-dard 


FW 

i 2.3SiP -h 0.25 

! 2.15PP - 0.2 

(S6) 

HE 

; 0.2o5D 

; b.255D 

ibv } 

HL 

' FW -r 0.5BD 

: PIT -r 0.5BD 

(8S) 

RWF 

: 0.SS2LP -f 0.55 

i 0.914LP -i- 0.55 

C89) 

RWR 

; 2.2LP 0.55 

! 2.1LP -I- 0.55 

(90) 

ER 

! 0.25LP 

^ 0.25LP 

(91) 

CD 

’ (PD. -i- PDA X 0.5 

I CPD; 4- PDA X 0.5 

(92) 

VNP 

; 14H deg. 

: 20 deg. 



The standard form of worm thread is that produced by a 
straight-sided milling cutter ha\Tng a diameter equal to not 
less than the outside diameter of the worm, nor greater than 
13>^ times the outside diameter of the v/orm. For single- and 
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doable-tliread worms, ilie obliquitv of tne sides oi the thread 


cutter should be 14 l o deg., whiL 
this obliquity should be 20 deg. 
The hobs for cuttiag single- 



double-thread gearing not eon- 

forming to standard worm gearing- 
A.G.M.A. recommendations. 


! for triple and quadruple vrorms 

and double-thread v.’orms may 
be fluted parallel to iheir axes, 
but the hobs for cutting tripie- 
and quadruple-tliread worms 
should be fluted normally to 
the thread angle measured 
from the outside diameter of 
the hob. 

In cases where the hobs 
employed do not have pitch 
diameters corresponding to the 
pitch diameters of A.G.M.A. 
standard v%'orms, the recom- 
mendation for face widths and 
outer diameters of worm gears, 
TO mesh with worms cut with 


such hobs, are for single- and double-thread worms: 


FW = 2V(PDv: -t-VjXA - O.oOLP (93) 

OD = PDa -r 3.5-4 (94) 

For worm gears meshing -RiTh triple- or quadruple-thread 
vronns, further modifications are recommended, as follows : 



Fig. s 3. Diagram oi triple- and Quadriipie-Thread worm gearing not conforming 
to standard worm gearing — ^.A.G.M.-A. recommendations. 

FTF = 2vCPI>A+ -4) X A A 0.25LP (93a) 

OD (20-deg. NVP or greater) = PDg -P 2.1 o A (94a) 

OD{NVP less than 20 deg.) = PDg -f- 3,4 (946) 
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Example in Standard Worm -gearing Design 


Worm 

Required: Diiaensions oi 1-iii. imear pirch, flouble-thread ’.voriri to engage 
oO-Tooth worm gear 


symbol Formula 

Compulation 

Dimension 

LP' 

Predetermined 

1 1.000 in. 

PD ; (69; 

2.4 X 1 m 1.1 

! 3.50 

OD : (70) 

3.036 XI m 1.1 

i 4.136 

RD ; (71) 

: 1.664 X I H- 1.1 

i 2.764 

HD (72) 

1.664 X 1 — 1 

! 2.664 

BD (73; (maximum) 

- 1 ~ O.b^O 

i 1 . 625 

FL ; (74) 

: 1 X (4.5 — 0.Q2 X 50) 

i 5.50 

HE (75) 


\ I 

HL ; (76) 

i 5.5 -j- 2 X 1 

: 7.50 

-i ; (77) 

- 0.3 IS X 1 

‘ 0.31S 

TFD ; (78) 

; 0.6S6 X 1 

; 0.686 

cot VL ■■ (79) 

i i 

; 3.5 X 3.1416 

1 0.497S5 

i 2 

j T’L = 10 deg 

1 


[ 19 min. 

NTT : (SO) I 

0.5 X 1 X 0.9S3S 

! 0.4919 in. 

TR ^ (81) ; 

0.05 X 1 

; 0.05 

L N XLP ; 

2 X 1 

1 2 

VNP- ‘ 

Predetermined 

441^ deg. 


Worm Ge.\p. 


Symbol Formula 

Compuiaxion 

Dimension 

rp- 

Predetermined 

i. 000 in. 

PD (82) 

•50 X 0.3183 X 1 

15.915 

TD (83) 

15.915 -r 0.636 X 1 

16.551 

OD , (84) 

16. .551 -r 0.4775 X 1 

17.028 

BD' 

Predetermined 

1 2 

HD ; (So) 

1.875 X 2 

1 3.75 

Ky\ 

i^A.G.iM.A. stanciard; 

1 M X 

FIT' ; (86) 

2.33 X 1 - 0.25 

: 2.63 

HE '■ (87) 

0.25 X 2 

: 0.50 

HL ; (SS) : 

2.63 -j- 0.5 X 2 

; 3.63 

RWP ' (89) 

0.882 X 1 4- 0.-55 

: 1.43 

FTFJ^: (90) 

2.2 X 1 4- 0.55 

, 2.75 

ER : (91) 

0.25 X 1 

; 0.25 

CD (92) 

[15.915 4- 3.5)x 0.5 

; 9.7075 

VNP 

Predetermined 

141-1 deg. 
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DOMmATING CONSIDERATIONS 

This standard worm gearing for general commercial applica- 
tions is not truly representative, howeven of the marked advances 
that have been made in the development of this tjme oi gearing. 
These advantages are far more apparent in tire modern gear units, 
or speed reducers, of the worm-gear variety, in which not only are 
the niceties of greater refinements in gear production to be found, 
but vtliere the bearings and housings that are not such important 
considerations in the general industrial range of worm gearing 
play an exceedingly vital part. To secure the liigh efficiency, 
compact design, sturdy construction, quietness in operation, 
freedom from vibration, improved wearing qualities, and long 
life under continuous and severe operatmg conditions demanded 
of modern worm gearing, the gear designer is com'ronted with 
mechanical problems that, while they may not be peculiar only 
to worm gearing, are distinctly more complex in that form of 
transmission. 

The dominating considerations tending to high mechanical 
efficiency in worm gearing are a large gear-tooth helix angle 
with correspondingly' coarse worm thread pitch and a low 
peripheral worm speed. The high-helix angle tends to the 
development of greater transmission efficiency and the low- 
peripheral speed of the worm to a reduction in abrasive wear 
and in the generation of the resulting frictional heat that has 
constituted one of the chief obstacles in the development of 
worm gearing. 

The high-helix angle of the gear teeth, the lead angle of the 
worm (FL), while it is the chief factor in the development of high 
transmission efficiency, also has the effect of aggravating the 
amount of sliding taking place between engaging worm threads 
and gear teeth and, in addition, is productive of heavy axial 
thrusts. The low peripheral speed of the worm, however, 
combats these objectionable effects and serves to curtail the 
intensity of then’ consequences. At lower relative sliding speeds 
between the worm threads and the gear teeth, less abrasive wear 
occurs and le-ss frictional heat is generated. The thrust arm is 
reduced, i.e., the line of thrust is brought closer to the axis of 
the worm, and suitable provisions for taking care of this thrust 
are simplified. 
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helix angle and efficiency 


Tne eftect oi iiicreasing the heiix angle of the worm gear, 
thus increasing the piicii oi the worni by a corresponding enlarge- 
ment in the lead angle, is depicted graphically in Fig. S4, where 
the diagrams .I, B, and C represerit. resiiectively, tvorms nltli 
15-. 30". and 45-deg. lead angles. The pressure of a tooth of a. 
mating worm gear upon the worm tlireads, the load on the worm, 
is considered equal and is indicated in each case by the arrow P. 
This pressure may be resolved into two components: ax, normal 
to the worm thread, and ao. parallel to the worm-thread surface. 
The perpendicular coniponent produces friction between the 
gear tooth and worm thread, while the component parallel 
to the worm thread is that which causes the axial thrust on the 
worm gear. 



The useful work performed by the gearing during each revolu- 
tion of the worm is proportional to the load P multiplied by the 
pitch of the worm, while the work lost in friction is measured 
by the product of the normal component ax, tne coefficient of 
friction, and tlie distance traversed in a revolution of the worm, 
the last being the length of one complete turn of the worm 
thread. The normal component ax, it v.'ili be noted, becomes 
progressively less as the lead angle is increased, and, though the 
length of a complete turn of the worm tliread increases slightly, 
the work lost by friction does not actually vary mucli wirh the 
change in worm pitch. On the other hand, the useiul work 
performed increases directly with the iiicrease in piicii. being 
twice as great in the case of the 30-deg. worm as in tlie case oi 
the 15-deg. worm and three times as great in tne case of the 
45-deg. worm. 
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The useless worm-gear axial thrust, wliich is proportional to ao, 
increases ra-uidly at the same time, so the net gain in Transmission 
efficiency is not in an 3 " v*’ay dii'ectlj^ proportional to the increase 
in pitch, but it is nevertheless quite substantial. This is clearly 
sho'wn in Fig. 85, where the relationship existing between the 
lead angle and the emciency of transmission is charted for a 
given set of conditions. 

For a given amotmt of useful work, the work lost through 
friction is reduced, as the lead angle of the worm increases, and, 
consequenth’, the objectionable heating and abrasive tvear. 



For fine pitches, the change is rapid and becomes gradually 
less, until a maximum efficiency is attained when the helix angle 
is about 45 deg. Conditions then reverse themselves, and a 
further increase in the linear pitch of the worm produces an 
accelerated decline in efficienctr of transmission. However, 
between the critical helix angles of about 30 and 50 deg. there 
is no great amount of change in attainable efficiencj^, and it is 
within this prescribed range of helix angles for worm gears and 
lead angles for worms that the pitch for most of the modern 
high-efficiency^ worm gearing is selected. 

Expressed algebraically, the average efficienej" of worm 
gearing, disregarding the frictional resistance imposed bj" the 
worm’s thrust bearmgs, is 

jp _ tan VL{1 — f tan VL) 
f -r can VL 


( 95 ) 



WORM GEARING 


119 


vrhere VL 


j 


helix angle, or lead angle (angle of worm thread), 
coemcient of friction. 


DLA.METERS AND STRENGTH OF WORMS 


Other conditions being the same, the besi results are secured, 
■i.e., the highest transmission efiiciency attained, with v.'orms 
of noiniiiium feasible pitch diameters. Xot onlj" is the lowest 
practical peripheral worm speed obtained, but a helix, or lead, 
angle of maximum value is assured. The pitch diameter of the 
worm gear is likewise at a minimum, and the lead of the worm is 
the shortest for the particular pitch.- The result of all of wiiich 
is: there is less work lost in friction, the heating annoyance is 
decreased, and the abrasive wear of worm thread and gear 
teeth is kept as low as possible. 

Such practice makes pos.sible higher rotary speeds, with still 
higher transmission-emciency attainment, but, as it also cus- 
tomarily entails the use of worms vdth a multiplicity of fin 
threads, the strength and load-canning capacity, especiall; 
of the worm-gear teeth, become considerations of prime irnpoi 
tance. Ordinardj’- some modification of the Levis equatio; 
for the strength of gear teeth fsee Sec. II) is employed m thi 
connection, the most convenient of which is 


33,000 


The total transmitted load IF, which is the maximum safe 
tangential load in pounds at the pitch circle of the worm gear, 
is the product of the allowable unit stress for the gear material, 
face vidth of worm gear, and a form factor Y divided by 
diametral pitch [formula (96)], the allowable unit stress b( 
the safe working unit stress multiplied by a velocity fae 
The values of this form factor found proper in commer 
practice, together with empirically determined allowable t 
stresses for worm-gear drives having worms of single, dou 
triple or quadruple threads, are given in Table 26. 


6QQA Cf^CFTT X Y) 
DP (600 -r PDF) 


(yo; 


- The lead is the distance tha t an^- one thread advances in one revolution 
of the worm, while the pitch is the linear distance between tiie centers oi 
two adjacent- threads. The lead and pitcn. are equal tor a singie-threatied 
worm; for a double-threaded worm the lead is t^nee the hnear pitch; lor a 
triple-threaded worm, three times the pitch; etc. 




CENTER DISTANCE AND GEAR RATIOS 

Since, ovdng to the helical arrangement of the worm threads 
and gear reeth, the relative angular velocities of the worm and 
its gear depend, as in spiral gearing, upon the number of teeth 
ulireads in the case oi the worm) in the respective rotating 
members and not upon the pitch diaineters of the gears, the 
center distance for a given gear, or speed, ratio is subject 
to variation. The gear ratio, moreover, is measured by the 
number of worm-gear teetli per thread of worm, each worm 
thread being in itself a complete worm. For instance, a 30-tooth 
worm gear mating vdih a single-thread -worm has a gear ratio 
OI 30 TO t; a Similar gear meshing with a double-thread worm, 
a ratio oi 15 to 1; a 30-tooth gear running with a triple-thread 
worm, one oi 10 to 1: etc. The velocity of a worm gear rnes hin p- 
with foiy rnLiliiple-thi-ead worm is, consecuentlv, inverselv 
proportional to the number of threacis on tne worm. 

Great speed reductions are thus possible with worm searing, 
and the form of transmission, incidentally, is one of the most 
powerful known. Gear ratios of as high as 500 to 1 have been 
successiuily employed vith a single worm and gear combination, 
dul Oiuinarihv an ar bitrary top limit lor a single worm and orear 
as.::emohtge oi 50 or, at most, 100 to 1 is set, larger ratios being 
more efficient ly effected by compounding the gearing. i.e. 
emploj'ing tivo sets oi worms and gears in series. 

The advantage of employing this double reduction for high 
ratios in worm gearing, which may be several thousand to one, 
is aue lO the iacL thasi witn large ratios it is usually necessary, 
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noi only to increase the number of worm-gear Teeth, but to 
decrease the linear pitch, i.e.. the circular pitch and lead, modi- 
ncaiions winch are prociuctive oi losses in transinissioii eiSciencv. 
Tnere is a critical point as the ratios increase at which, iinles.s 
the advantages of high-helix angle and small-diameter worm 
are sacrificed (tiie reason for the drop in emciency), the gear 
teeth become too small lor the proper proportioning of the worm 
and gear. 

ith a gear ratio of 100 to 1, for example, a slngle-tvorm gear 
drive might have a transmission emciency of between 60 and 


6v per cent, while a lO-to-l assemblage, owing to better propor- 
tioning of the worm and gear, has an efficiency of 90 to 96 per 
cent. Under these circumstances, the substitution of two 


10-to-l ratio units in series, so 
securing a lOO-to-1 ratio, would 
effect the transmission at an effi- 
ciency of from 81 to 92 per cent. 

LOW WORM-GEAHING RATIOS 

The lower gear-ratio limit, while 
quite commonly set at 5 or 10 to 
1 for worm gearing, is also far 
from fixed, for some excellent worm 
drives have been designed with 
ratios of less than 1.5 to 1. These 
low-ratio worm-gearing combina- 
tions are meeting with considerable 
favor as substitutes for less efficient 
spiral-gear applications, spiral gear- 
ing having inherently substantially 
lower load-canwhiig capacity. 

The intimacy of worm-thread 
and worm-gear tooth contact, 
efected by the concave face of the 
gear conforming over its entire 



width to the convex curvature of 
the engaging worm, serves to dis- 



23 to 19 


tribute the load over the full face oi the driven worm gear, 
while in the case of sniral gearing, especially tvlien the connected 
shafts are at rislit aiiffles, the contact oi engaging spirai-gear 
teeth is sharply limited. The load is concentrated on the mid- 
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face section of the teetli, localizing wear ana tailing either to 
develop or iiiilize the full strength of the gear teeth. 

The successful employment of worm gearing in this class 
of service is made possible only by ihe ability oi the modern 
hardened-steel worm, accurately ground and polished, to v, nth- 
stand the sliding engagement of worm thread and teeth, which 
is characteristic of the class of gearing, without appreciable vrear 
or generation of excessive frictional heat. A specific example oi 
such worm gearing is one making use of a 19-thread worm to 
drive a 2S-tootli worm gear, the gears being of 3-normal diametral 
pitch and 45-deg. helix angle, with teeth of 20-deg. pressure angle. 


NORMAL PITCHES AND UNDERCUT TEETH 

In mulTiple-Lhreaded rcorms and their mating worm gears, the 
dimensions of the threads and teeth should be proportioned, as 
for spiral gears, normal to the tooth profiles when the helix, 
lead, or thread angle of the worm is more than IS deg. The 
formulas for spiral gears may be used, bearing in mind that the 
axial pitch for worms is the same as the circular pitch for spiral 


gears. 

In worm gears of less than 30 teeth, the thread of the worm, 
when the thread hngie (t-^vice the pressure angle) is the usual 
29 deg., interferes with the fla.nk of the meshing gear teeth, 
if the throat diameter is made equal, as is customary, to the 
pitch diameter of the worm gear plus twice the standard tooth- 
addendum dimension. Under such circumstances it is necessary, 
in order to avoid the undercutting of the worm-gear teeth, 
either to increase the throat diameter of the gear or to employ 
a heatier pressure angle for the gear teeth. Both methods are 
employed in the commercial production of worm gearing. 

The first method has the advantage of efiecting the required 
modification without the need of changing the hob employed 
to generate the worm wheel and is of especial interest in that it 
draws attention to the important fact that the addenda of the 
worm-thread and worm-gear teeth need not necessarily be 
exactly the same. In fact, it is advocated bj' some of the leading 
worm-gear manufacturers that it is better to decrease the 
addendum on the worm gear slightly and increase the addendum 
of the worm thread correspondingly, provided the pressure angle 
of the gear teeth and the number of teeth in the gear will permit 
such practice without undercutting the gear teeth. WTiere 
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there are omt" a comparatively few teeth in the gear, less than 30, 
the reverse operation is involved, naturally the addendum of 
the gear teeth is increased and the addendum of the worm thread 
correspondingly decreased. In worm gearing, this is analogous 
to increasing the throat diameter of the worm gear and overcomes 
the undercutting of the worm-gear teeth. 

For worm gears with 14}^-deg. teeth, the throat diameter of 
the worm gear can be increased by an amount equal to the 
difference between twice the addendum and about one-sixteenth 
of the pitch diameter, provided this enlargement does not entail 
too great a reduction in the outside diameter of the worm, or, 
expressed in the form of an equation, 

TD enlarged (14J4 deg. VNP) = O.Q^TPD -f- 4d. (97) 

where A = 1/NDP. 

The second method of avoiding undercutting the worm-gear 
teeth, by increasing the pressure angle of the teeth, makes no 
changes in the diameters of either the worm gear or worm, but 
it does necessitate the use of a multiplicity of hobs if depended 
upon exclusively for the avoidance of all worm-gear tooth 
undercutting, one for each num-ber of teeth in the vmrni gear. 
A formula for ascertaining the required pressure angle is 


cos VXP = (9S) 

In commercial practice, it is customary to select a limited 
number of these pressure angles, such as 29, 40, 45, and 50 deg., 
and employ each angle over a range of teeth in the worm gear. 
Still greater precision, if required, may then be secured by some 
shght modification of the throat diameter, one or the other, 
of the worm gear and corresponding alteration in worm diameter. 


WORM-DIMENSION LIMITATIONS 

Too great a reduction in the worm diameter, however, must 
be guarded against, for, while the diameter of the worm may 
be reduced, that of the hob employed for generating the worm- 
gear teeth remains the same, and any considerable difference 
between the diameters of the worm and hob results in a variation 
in the helix angles of the gear teeth and worm threads, preventing 
the worm fitting properly with the worm gear generated by the 
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liob. The pitch diameter of the worm must correspond to the 
pitch difiineter oi tiie hob in order to secure proper contact 
between the enscaains worm threads and gear teeth. 

When Dossible. it is desirable to make the pitch diameter for 
sheli-t^T)G worms in strict accord witn iorintila the rule 

a.dopted bv the A.G.AI.A. lor standard worms. Hotvever, when 
the worm is cut integral with its siiait. a somewhat greater 
reduction in diameter is ijermissioie, a ciesirabie rule oeing 

PD = 2.35 XLP 0.4 (99) 

Recommendations for the length of the worm to give satis- 
factory contact and the advisable length of the generating 
hob are 

LW = IP( 4.5 -i- ^ (100) 

\ oO 

LH = LW-h LP (101) 

TYPES OF WORM GEARS 

While the foregoing presentation on worm gearing has dealt 
exclusively with worm gears of the standard tjo^e, or form. i.e.. 



worm gears of concave-face and curved-tooih elements that 
partialW enwrap the engaging vrorm, there are two other forms 
of worm gears in commercial u.se. the straight face and the 
hobbed straight face. There is much less demand for these 
latter and less efficient gears j nevertheless, they are emploved 
to some extent and represent practical forms of gearing with 
which the gear designer should be fully conversant. 





WORM GEARIXG 


125 


StraigliL-face worm gears are in reality plain helical gears 
maxing with worms and are noi nearly so efficient as standard, 
concave-face worm gears. They have been employed in the 
past clilehy to replace spiral gearing, but with the development 
of the modern ground worm and the greater familiarity gained 
with the prmciples underlying high-efficiency worm gearing 
even this limited field is rapidly being usurped by the more 
efficient worm gear with concave face. INTevertheless, the 
straight -face worm gear possesses one distinctive peculiarity 
of merit., so far as worm gearing is concerned, and that is that 
side, or axial,, adjustment can be made. Also, the construction 
has a tendency to discount to some exteni the bad effects of 
vibration by permittmg a certain vreave between the worm and 
gear. 

The hobbed straight-face type of worm gear, hov,'ever, has 
retained a better hold upon its particular field and is used 
generallj^ for indexing purposes and where light loads only are 
encountered. These gears are usually generated on bobbing 
macliines, and the face of the gears is then ttirned straight. 
The tooth contact- with these gears, while not so good or so effi- 
cient as tiiat of the standard form of worm gear, is considerably 
better than that of the straight-face type of worm gear. 

SELF-LOCKING WORMS AND GEARS 

One of the features peculiar to tvorm gearing, one that is of 
high value in certain services, is that worm drives of low- helix 
angle can be made sen-locking, i.e., so proportioned that wiiile 
the worm can drive the worm wheel the worm wheel cannot drive 
the worm. In designing ' worm gearing, to make use’ of this 
peculiarity, it is essential to keep the helix angle of the gearing 
under 5 deg. Such a fine-pitched worm is not especially efficient, 
the over-all efficiency of the worm and gear being less than 50 per 
cent, but any betterment in transmission ability defeats the 
object of the construction. 

The starting friction, which is invariably greater than the 
running friction, is a consideration, for the worm and gear 
combination mat' have an efficiency of shghtiy over 50 per cent 
when running and still be self4ocking when at rest. An ill- 
fitting worm drive with a helix angle of greater than the critical 
5-deg. limit may apparently be self-locking, but, when the worm 
and vrorm gear wear in, and the drive is subjected to a live load 
or to vibrations, the quality is lost. 
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SPIRAL-BEVEL, SKEW-BEVEL, AND HYPOID GEARS 


Those decided operating advantages that are attained by the 


helical arrangement of gear teeth in cylindrical pitch surface 
gearing are secured in bevel gearing by a quite similar arrange- 
ment of teeth cm’ved on the arc of a cii’cle, such gearing being 
Dopularly tenned spirdrbevel gearing. The use of a. circular 
curve in place of a spiral, not- only makes the commercial produc- 
tion of these gears at relatively lotv cost possible, but the slight 
difference in the radii of curvature for the convex and concave 


sides of the gear teeth proves of considerable advantage from 
the standpoints of both gear assemblage and operation. 



SHORT RADIUS CURVATURE LONS RADIUS CURVATURE 
/ Small spmaJ bevel ^ears) ( La/ye spiral bsvei gears) 

Fig. 5. — Similarity of circular ares and face with section of spiral curves. 

A circular cutter oi the lace-mill type, with straisihi-blacle 
edges corresponding in obliquiti’ to the nronle, or nressure. angle 
of a crown gear, the straight-sided teeth of winch constitute 
the basis of the octoid form of bevel-gear teeth, is used for the 
generation of the smaller sizes of spiral-bevel gears. The 
larger gears are generated by a single planing tool, with similar 
inclined Cutting edges, operating on a continuouslv rotating 
gear blank, the tool entering a different tooth space on each 
successive stroke. By either method, emplotdng the short radius 
of curvature lor generating the teeth of the smaller spiral-bevel 
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g6S.r3 or Tiis long racuiis oi curvaiiire lor tho lootli of larger soiral 
gears, ine cii’ciilar Tootn curve varies only a iiegiiaible clearee from 
the Curvature oi tlie section oi a spiral enibraced. ov tlie face 
width of the gear (see Fig. SS). 

ADVANTAGES OF SPIRAL-BE\^L GEARING 

The essential difference between these spiral-bevel gears 
and ordinary straight-tooth bevel gears is that they have a 
continuous pitch-line contact and a larger nimiber of teeth 
are in mesh at the same time. The teeth of spiral bevels, 
instead oi meshing iviih full line contact engage one another 
gradually with a distinctive progressive action. Due to this 
overlapping feature, the load is transmitted from tooth to tooth 
without shock or sudden change in tooth iiressure intensity. 
It is the presence of these shocks and rapid changes in tooth 
pressure in straight-tooth bevel gearing which is productive of 
noise and vibration, especially noticeable and objectionable 
at high peripheral speeds. 

Owmg to the fact that the radius of curvature on the conve.v 
side of sph’ai-bevel gear teeth is a trifie shorter than the cor- 
respondhig ladius of curvature for the concave side of the teeth, 
the longitudinai contact of the teeth is a shade the heaviest 
over the central section of the tooth face and tends to ease off 
slightly toward the ends of the teeth. The greater radius of 
curvature on the concave side of the teeth is not sufficiently 
marked to cause any appreciable concentration of the load but 
is lust enough to allow some little displacement of the gears 
under operating loads, in this manner providing a somewhat 
greater range of axial adjustment than can be secured with well- 
proportioned straight-tooth bevel gearing. 

STRENGTH, WEARING QUALITIES, AND EFFICIENCY 

The tooth load on spiral-bevel gears is a resultant of the 
transmitted load and the thrust load, which for a 30-deg. spiral 
angle, the average value, amounts to 15 per cent more than 
the transmitted load. The load per tooth is less, however, than 
with straight-tooth bevel gears, owing to the fact that a greater 
number of teeth are in contact at the same time. Since the 
sectional area of the teeth is the same for both straight- and 
spiral-bevel gears, the strength of the latter exceeds that of 
comparable straight-tooth bevels. Consequently, spiral-bevel 
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Fig. S9. — Diagram iliustr 


gears Tjroporiioned for strengili on liie same basis as straiglit- 
toorii bevel gears will have a larger margin, or factor, of safety. 

While the normal sliding action net ween meshing gear teeth 
is the same in soiral-bevel gearing as in any otner lorm oi toothed 
gearing, there is no longitudinal .sliding betiveen engaging teeth, 
owing; to the oblicniity of the lootli arrangement or any other 
cause. The convex side of tiie curved tootii nestles into tne 

concave recess of the curved tooth 
wirli \v!'!ic''i it meshes, and there can 
be, consequently, no sliding motion 
between the pitch cones of the 
engaging gears. Another peculiar- 
ity of the gearing, exerting innu- 
ence upon the wearing qualities of 
spiral-bevel gears, is that there is a 
continuous pitch-line contact, 
owing to the gradual and overlap- 
bevel gear teeih. actioii 01 the cui'ved gear 

teeth, where there is no sliding 
action whatever. As a result, the average sliding action, which 
is a measure of the wear, is reduced, and spiral-bevel gears, 
ordinarily, have a longer life than comparable straight-bevel 
gears. 

The continuous pitch-line contact of spiral bevels also tends 
to the development of higher transmission eflS.ciencies and more 
than compensates for the additional thrust created by the oblique 
arrangement of the gear teeth. In actual practice, the distinctive 
bevel gears with curved teeth have shown themselves fully as 
efficient as the best of straight-tooth bevel gears, developing 
under favorable conditions efficiencies upuarci of 96 per cent. 
In common vniii all other tyues of bevel gears, however, the 
efficiency and wearing qualities of spiral-bevei gears are better 
with a large number of teeth than with smaller numbers. Conse- 
quently, for gear ratios of 4 to 1 and over, it is advisable to have 
not less than 12 teeth in the pinion member, 10 behig held to be 
the practical miniminn. 


SPIRAL-ANGLE AND AXm.-THRUST LOAD 

The spiral angle (see Fig. 90), while usually made about 
30 deg., should be large enough to make the arc of spiral AS. 
or pitch-diameter chord subtended by the pitch-cone elements 
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That embrace a full single curved tooih, nor less than from 15 to 
-iO per cent greaier tiian the circular pitch of the gear. It is 
important- Liiat tins spnal angle oe cneciced for each design of 
gear, to make certain of suScient tooth overlap. Frequently, 
a sometvnat greater overlap tnan the specined minimum may 
be found advantageous. 


The hand of the spiral, which 
is different for the two members 
of a gear-and-pinion combina- 
tion, is a consideration of some 
importance. While it makes lit- 
tle or no difference so far as 
quietness and smoothness of 
operation are concerned or in 
the emciency of the drive. 



whether the pinion or the gear member is the one with a right- 
or left-hand spiral, the hand of the spiral being the direction of 
Tooth curvature viewed from the apex of the gear, there is a 
decided difference in the eff'ect of the axial thrusts developed. 

These thrust components of the tooth load are caused by 
the oblique arrangement of the spiral-gear teeth, and their 
direction is governed by tlie hand of spiral, direction of gear 
rotation, and whether the gear in cpaestion is a drimng or driven 
member. The intensity of the thrusts is dependent upon 
the tooth load, spiral angle, pressure angle, and pitch angle. 
Formulas for determining the values, or amounts, of the imbal- 
anced axial thrusts \ATL) in terms of the transmitted tangential 
tooth load (TTL). for ail possible combinations of direction of 
rotation emd hand of spiral, together vdth a guiding diagram 
(Fig. 91) indicating directions of tiirust, are shown on page 130. 

A right-hand spiral pinion, driving ciocksiuse, tends to move 
toward the cone center, while a left-hand pinion tends to back 
away, i.e., get out of mesh. Consequenily, if there is any end 
pla^v^ in the pinion shaft, the tendency of a right-hand pinion, 
driving clockwise, is to take up the essential backlash under 


heavy load and wedge the teeth of the gear and pinion members 
together: while a left-hand spiral pinion, under similar conditions, 
tends to back away and introduce additional backlash between 
the engaging teeth, a situation that still permits the gearing to 
function. In a one-way drive, therefore, it is generally advisable 
to select the hand of spiral that vrill tend to move the gear member 




VP == pressure angle. VPi — pitch angle. VS = spiral angle. 


SPIRAL -BEVEL GEAR SYSTEM 

As the spiral angle, rhougli ordinahh' made 30 deg., is subject 
to a ceriam amount of variation,, in order to secure the desired 
tooth overlap, the gear ratio of spiral-bevel gears is iiidiienced 
by this fact as veil as by the pitch diameters of the respective 
gear members. For this reason, as veil as because a limited 
number of pressure angles is desirable from a manufacturing 
standpoint, and the further fact that the radii of tooth curvature 
i cutter radius K while of necessity the same for both gear members 
of a specific spiral-bevel drive, need not be exactly proportional 
either to the gear ratio or to the pitch diameters of the gears, 
the spiral-bevel gear system developed by the Gleason Works 
and adopted as a recommended standard by the A.G.hl.A. is 
based upon a series of empirically determined rules rather than 
upon equations evaluating the numerous variable factors. 

In lormuiating the various mles constituting the system, 
the governing consideration was to secure the utmost in the 
wat' or quietness in gear operation and requisite tooth strength 
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and durability, while making the system simple and practical. 
The system is a nonmterchangeable onej the gears being intended 
to operate in pairs onlj". 

In all but a few cases, a 14;?2“Cieg. pre.s5ure angle has been 
adopted for the system,, such angle being the smallest that 
avoids excessive undercutting oi gear teeth and, consequently, 
the most efficient and least liable to develop objectionable noise. 
The exceptions are chiefly where pinions of less than 10 teeth are 
employed and certain specinc gear ratios. 

The addenda of the gear teeth increase and the addenda of 
the pinion teeth decrease somewhat as the gear ratios increase, 
so that the arc of recession is greater than the arc of approach. 
The result is that the amount of sliding in the engagement of 
teeth is about the same as or slightly less during approach than 
it is during recession, a desirable arrangement since recess action 
is inherently quieter than approach action. 


A.G.M.A. Proportions for Spiral-bevel Gears Operating at Right 
Angles, Where the Pinion Is the Driver 

(Gleason Works System) 

Pressure angle: 


5. 6. or 7 teeth in pinion 

S or 9 teeth in pinion 

Ratios having 12 or more teeth 

11- 11 to 11-19 

12— 20 and higher 

10-10 to iO-24 

10-2-5 and higher 


in pinion. 


VP. degrees 
. . 20 
.. 17M 
. . 1414 

■ - i * .^ 2 

■ • 

. . 17 Vi 

141-i 


Addendum, gear: 


For 5 teeth in pinion, 

^ _ value. Table 27 14 

-4 - X 

For 6 teeth in pinion. 

^ value. Table 27 ,^15 
” iDP ^ 17 

For 7 or 8 teeth in pinion, 

. value. Table 27 16 

-4 = X ^ 


a03a) 


(103&) 


(103c) 
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For 9 or more teerli in pinion. 


value, Table 27 
" DP 

(103d) 

Addendum, pinion: 


5-tooth pinion. 

1.4000 . 

““ DP 

(103e) 

6-tooth pinion, 

1.5000 

n ^ — “1 

DP 

(103/) 

7- or S-tooth pinion. 


1.6000 . 
n = — a 

DP 

(103g) 

9 or more teeth in pinion, 


1.7000 

“-DP 

(103^) 

Dedendum, gear: 


For 5 teeth in pinion. 


_ 1.557 _ 

DP 

(104cz; 

For 6 teeth in pinion, 


_ 1-63' _ 4 

DP 

(1045) 

For 7 teeth in pinion, 


2) - 4 

- DP 

(104c) 

For S teeth in pmion. 


_ i.ras 

DP 

(104d) 

For 9 or more teeth in pinion, 


^ 1. 

^ DP 

(104e} 

Dedendum, pinion : 


5-tooth pinion. 


, 1.557 

d j^p a 

(104/) 

6-tooth pinion. 


, 1.657 

« jjp 0, 

(104g) 



SPIRAL-BEVEL. SKEW-BEVEL. AXD HYPOID GEARS 133 



(104/2) 

(1040 

(I04j) 

(lOoc) 

(1056) 

(105c) 

(105d) 

(lOoe) 

(106a) 

(1066) 

(106c) 
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With 8 teeth in pinion. 


(; Xi. = -r 0 7 4 — 

Lin . u./.-i pp 


With 9 teeth in pinion,. 

CTh = 


•'TJ- — _j_ Q 7 ^ 


DP 


DP 


With 10 or more teeth in pinion, 
tll^o des:. VP] 


, _ 1.061 . p. « . K 

CTJl pp : 0.6*4 pp 


(17} 2 cleg- 

_ 0.976 K 

CJ.. j^p , J./.- jyp 

Circular iliickiiess of teeth, pinion: 

For all combination.?, 

3 14^> 

cth = - CTh 


(lOQd) 


(1066) 


(106f) 


(106^) 


(106/2) 


T.^le 27 . — Acdexdum Vai^ues for Oxe Dr.AMETR.iL Pitch 

DiEEEREXT Il.iTIOS 

(Gleason Works Sysiem'; 

„ . . .V number of teeth in gear 

Gear ratio — = = :: — 

n number oi reetii in nmion 


FOR 


Hallos 




From ! To 


1.00 

1.01 





TaIII;iO 2H. VaMIIOK of K FOlt CiIUMII/AK TiIIOKNKSK of 'I'oOTO I''oHMlIl,Art 

((ilojisoii Works iSyslotn) 
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A listing ui values lur the lorni lactor fLevds eqiiationsi for 
the strength oi spiral-bevel gear teeth is given in Table 29. but 
me actual streugth oi well-proDortioiieci overlapijing teeth is 
almost always higher than the computed value. 


BACKLASH AND MACHINING TOLERANCES 


In the commercial or 
determined amount of 
backlash (reduction in 
chordal tooth thickness; 
should be provided, the 
amount dinering for soft 
gears and gears to be 
hardened, as tvell as for 
the pitch of the gearing. 
This change in tooth 
thickness should be di- 


‘odiiction of spiral-bevel gearing, a pro- 



vided between the gear and pinion teeth, making the total reduc- 
tion in chordal tooth thickne-sses the backlash provided: 


ReDUCTIOX IX Ceord.cl Thickxess 


Pitch 

i Soft gears, in. 

j Gears to be hardened, in. 

Backlash, in. 

IDP 

' O.OiO 

! 0.012 

0.020-0.024 

2DP 

.006 

i .OOS 

.012- .016 

3DP 

.004 

.005 

.OOS- .010 

4- oDP 

. 003 

.004 

.006- .OOS 

Q-12DP 

.002 

.003 

.004- .006 


The following are suggested as 
ing of spiral-bevel gears: 

Svniool jJiirioiisioii 

practical limits for the machin- 

Tolerance 

OD 

Outside diameter 

; -rO.OOOin. —0.005 in. 

CB 

Crown backing 

; 4- -QOOin. - .002 in. 

BD : 

Bore Liiuiii6’tc'r 

1 4- .001 in. — .000 in. 

FIT i 

Face Vi'idih 

1 4- .000 in. — .010 in. 

VBk ' 

Back angle 

! — 15 min.— 15 min. 

TF 

Face angle 

— 8 min.— 0 min. 
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As practical liniiis afier hardening and before grinding, it is 
suggested that the outside diameter of the gear should not run 
out more than 0.003 in., bores should not be out of round more 
than 0.003 in., and that the face angle should be held to a limit 
of minus S min. In interiial-Type pinions, the run-out on the 
shank at the head bearing should not exceed 0.001 in. 


SKEW-BEVEL GEARS 

Allot lier variety of bevel gearing, in vliich the tooth arrange- 
ment also departs from the ii.sual radial plan of straight-line 



teeth, is tnat popukiny xnomi as sfceiv-bevel gears, the axes of 
the respective gear members having no common plane. There 
are ivto tt'pes of these unorthodox gear drives : one in vrhich the 
pinion mernber is of the ordinaiy straight-tooth pinion variety, 
v.-ith the oblique arrangement of teeth confined to the gear mem- 
ber; 3.110. the other in which the teetii in Doth the pinion and 
gear are askew. In either tt'pe. the pitcii surface of the pinion 
is tiie frustum of a figure generated by the revolution of a straight 
line about a nonparallel axis, a hyperboloid of revolution. 

The first and more common type is illustrated in Fig. 93, the 
second in Fig. Qd, where the dimension OS measures the offset 
oi tne pinion. In either arrangement, the apex of the pinion 
rneniber lies in the perpendicular axis plane of the gear. 

In the case of the gear combination with a standard straight- 
tooth piriion (Fig. 93), it is obthous that not only do the pinion 
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roolh-face elements converge to the apex point in the per- 
pendicular axis plane of the gear, but the face elements, of the 
gear tooth in mesh with the pinion as well. As succes.sive teeth 
of the gear engage with the teeth of the pinion, there is a similar 
common convergence of engaging gear-tooth elements, the apices 
of the successive gear-tooth elements lying on the circumference 
of a circle having a radius equal to the offset of the pinion. 

The pinion member differing in no respect from a regular, 
standard, straight-tooth bevel gear, it is evident that, if the 
pinion shaft was not offset and the gear combmation simply 
a set of ordinary bevels having the same gear ratio as the skew- 
bevel gear assemblage, the pitch diameter of the mating gear 
with straight radial teeth would then be ecpual to the distance xy, 
the length of the .chord of the skew-bevel gear-pitch circle sub- 
tended by th epinion axis. This equivaleni pitch diameter, 
consequently, governs the number of gear teeth, whether the 
gear member is a straight-tooth, standard bevel gear, or a skew- 
bevel gear. 

In the case of the skevr-bevel gear, the normal pitch BC must 
conform to the circular pitch of the pinion, and the number of 
teeth in the skew-bevel gear, it follows, equals the number in 
the standard bevel gear hatnng a pitch diameter equal to xy. 
The circular pitches of the mating gears in the skew-bevel gear 
assemblage differ, however, the circular pitch DE of the skew- 
bevel gear being governed by the actual pitch diameter of that 
gear and not by its equivalent pitch diameter .vy. 

The longitudinal sliding between the engaging teeth present 
in this form of gearing also depends upon the amount, of pinion- 
shaft offset. In the combination illustrated hi Fig. 93, the 
longitudinal tooth sliding is measured bj" the distance ID, and, 
if the shaft off'set were greater, this sliding would be further 
accentuated. The limiting condition would be vrhen the off'set 
is equal to half the pitch diameter of the skew-bevel gear, when 
there would be only sliding action between the teeth and no 
turning moment. 

The various angles and tooth proportions of the pinion mem- 
ber in this form of skew-bevel gearing differ in no respect from 
those for similar standard, straight-tootli, bevel gears and are 
easily computed. The calculations for the skew-bevel gear are, 
however, somewhat special and require the application of other 
formulas. 
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SSEV.'-3EVEL GzaR NoMEXCLATCRE* 
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Angle 
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Angle of 

offset.. 


T’O 

Deer 
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YD 
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cutting 

i iiREic 

VB 

Face 


YF 

Center a 
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YC 

Increment angle 

YI 


Dimens 

.on 



Dimensicn 


Addendt 

jn 


.1 

Equi 

valent pitch diameter 

PDe 

Circular 

pitch . . 


CP 

Face 


FW 

Dedendt 



D 

Xorr 

ml niicL 

NP 

Diamete 

r iricrcm 

0211 

DI 

Ouse 

- 

OS 

Dianietr 

•I pitch. 


DP ■ 

Oute 

* f; PT* 

OD 

Pitch die 

meter. . 


PD 

Xum 

oer 01 teetn 

N 

“ Syirib*" 
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eustomar 

ily Gist: 

uguisued from correspendin 

T svmbols 

for gear laembers b;- 

the use of siua 

!, instead 
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:a!, letters. 



Formulas for Skew-bevel Gears — Straight-tooth Pinion 



(107) 

90 ^ 

tan rO = 

(lOS) 

PD - 

Sin T O 

(109) 

3.1416PZ) 

A" 

(110) 

„ 7 

va 

lan VC = 

PDe 

(111) 

t't 2 sin VC 

Tan \ I = 

71 

(30) 

^ 2.314 sin vc 

tan YD = 

(31) 


vf 

= tC - 

r T ’/ 

r32) 

lb 

^ ic - 

- VD 

(33) 


_ yd 



A 



(17) 

di 

= 2.4 

X cos VC 

(35) 

OD 

= PD 

. di X PDe 

PD 

(112) 

T'T 

_ (Ft 

: - vi)PD 

PDe 

(113) 
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Example in Design of Skew-bevel Gearing — Straight-tooth Pinion 

Pair oi skew-bevcl gears. 10 diametral pitch. So teeth in near. 
13 teeth in pinion; pinion-shaft oifset 1;^ in. 


S\’mbol Formula Computation Dimension 


VO. 

(15j 

13 

10 

1.30 in- 

PDe 

(107) 

So 

10 

S.oO in. 

ran T'O 

(lOS) 

1 2 X 1.0 

0.3529 

So 



T’O = 19 deg. 26 min. 


PD 

(109) 

■ 2 X 1.0 

Q.Ol in. 

0.33271 

XP 

(110) 

3.1416 X 9 

So 

0.33 Ln. 

I an VC 

(111) 

'o 

S.o 

0.1529 



re = 8 deg. 42 min. 


tan i I 

(30) 

2 X 0.15126 

13 

0.Q2327 



VI = 1 deg. 20 min. 


tan VD 

(31) 

2.314 X 0.15126 

13 

0.02692 



VD = 1 deg. 33 min. 


U 

(32) 

(S deg. 42 min.) 4- (1 deg. 20 min.) 

10 deg. 2 min. 

Vb 

(33) 

(S deg. 42 min.) — (1 deg. 33 min.) 

7 deg. 9 min. 

i 

(17) 

1.30 

13 

0.10 in. 

at ; 

(35) 

2 X 0.10 X 0.1513 

0.03023 in. 

OD 

(112) 

^ , 0.03026 X S.o 
^ ‘ 9 

9.02SoS in. 

VC : 
VB 

VF i 

(113) i 

90 deg. — (S deg. 42 min.) 

(31 deg. IS min.) — (1 deg. 33 min.) 
((SI deg. IS min.) -}- (1 deg. 20min.))Q 

SI deg. IS mia. 
79 deg. 45 min 

S7 deg. 29 min. 

S.5 


The outside diameter of the skew-bevel gear is somewhat less 
than would be the outer diameter of a standard bevel gear oi 
the same pitch diameter, because the enect oi the pinion-shait 
offset is to reduce the diameter increment of the gear slightly. 
Formula (112), consequently, is based on the assumption that 
the decrease in the diameter increment is directly proportional 
to the ratio of the equivalent pitch diameter to the pitch diameter 
of the skew-bevel gear. Actually the decrease is not quite so 
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uniform, but the error introduced by the assumption is so trivial 
as to be quite negligible in commercial gear production. 

A slight inaccuracy also exists in connection with the use of 
formula (113), the equation for the face angle of the skew-bevel 
gear. 'There is a slight increase in the face angle owing to 
the offset of the pinion shaft, an increase that is assumed, in the 
derivation of the formula, to be directly proportional to the 
ratio existing between the actual and equivalent pitch diameters 
of the skew-bevel gear. The increase is not, however, quite so 
constant, but. again, for all practical shop requirements the 
formula as given can be used with safety. The inaccuracy 
simply affects the total depth of the tooth by a trivial amount 
and only at the small end of the teeth where the error is least 
noticeable or harmful. 

A detail of ■^ntal importance, so far as the satisfactory operation 
of skew-bevel gearing is concerned, however, and one, which 
the formulas presented for the calculations involved in propor- 
tioning the gear member do not cover, is the fact that the tooth- 
face elements of the skew-bevel gear are not quite straight, being 
really of spiral curvature and slightly longer on one side of the 
teeth than on the other. The result is that the tooth faces 
on the opposite sides of the individual tooth are not identical 
in a properly proportioned skew-bevel gear. The amount of 
variation depends, of course, upon the amount of pinion-shaft 
offset, making it essential to cut the teeth in the skew-bevel gear 
with the gear in the exact offset position it will occupy when 
running t^nth its mating member. 

GEAR AND PINION ASKEW 

The design of the other type of skew-bevel gear drive, that 
in which the spiral tooth arrangement is used for both gear 
and pinion members, is customarily simplified in the commercial 
production of the gears by the expedient of proportioning both 
the gear and pinion according to the dimensions for staiidard. 
straight-tooth, bevel gears with the same number of teeth, pitch, 
and gear ratio. Ordinarih' no alteration in the various diameters 
is made, nor are any modifications in angles necessary. This 
plan is made possible by the fact that, while the apex points 
of the engaging gears do not coincide the converging, conical, 
pitch surfaces of the skew-bevel gears are parallel to the pitch 
cones of similar straight-tooth bevel gears with a common apex 
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point see Fig. 94i, the center angles of the gear and pinion 
members being complenients and equal in both instances. 

The teeth oi ooth the gear and pinion members are machined 
'i\'ith the plane oi the cutting-tool ofiset from the \v 0 rk-caiT 3 nng 
spindle^ out the amount 01 this cutter offset is not the same for 
the respective gear members, unless they are of exactly the same 
size. In such event, the offset between the work .spindle and 
the plane 01 the tool is made the same for machining both gears 
and equal to half the total offset in the drive; the respective 
gears, of course, rotating in opposite directions during produc- 



Fig. 94. — Layout for skew-bevel gears. 

tion, as iliex" do in service. When the gear ratio is other than 
1 to 1 , the total offset is divided proportionalh* to the gear ratio, 
the smaller value being empiox^ed as the cutter offset for machin- 
ing the pinion teeth and the larger value for the cutter offset 
for machining the gear teeth. 

Skew-bevel geaiing with teeth proportioned in this manner 
rtms smoothlx' and is in some respects superior to standard, 
straight -tooth, bevel gearing, but, if the off'set which governs 
the angularit}' of the teeth is reiativeh* large, the strength of 
the gear teeth ma\" prove inadecmate. In such instances, an 
increase in gear diameter, the amount of increase depending 
upon the angularitj' of the skew-bevel gear teeth, will provide 
the additional tooth thickness required for the development 
of a tooth strength equal to that of the standard bevel gear. 

HYPOID GEARS 

The same important feature of efficient gear transmission 
between offset axes, characteristic of skew-bevel gearing, is 
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possessed in the class of spiral-bevel gearing of circular tooth 
curvature, by what are commonly known as kypoid gears: gears 
designed to run on onset axes, approximately conical in form, 
similar in general appearance to spiral-bevei gears and with 
teeth generated by methods quite similar to those used for 
spiral-bevel gears. 

Wliile hypoids are machined in practically the same manner 
as spiral gears, there is usually less spiral angle on the gear mem- 
ber and more on the pinnon member, the difference dependin 
upon the degree of pinion offset. The result is that, with th 
same size mating gear and number of teeth, a hypoid pinion 
of the usual design will be from 20 to 30 i^er cent larger than a 
corresponding spiral-bevel pinion. 

In the computations entailed for the hypoid-gear member 
the pitch angle is governed, naturally, by the number of teeth, 




j/§^\ 


Fig. 95. — Onset pinion shaft permits good bearing support. 


and the gear ratio establishes the circular pitch, the latter being 
influenced by both the spiral angle and the radius of tooth 
curvat'ore. It is necessary, therefore, to employ a spiral angle 
and radius of curvature suitable for the htmoid pinion in the 
offset position in which it operates and in which it is generated. 
Unless this is done, the curvature of the two sides of the pinion 
teeth differs too much, and undesirable conditions develop. 
For this reason, the blank dimensions for lij'poid gears have to be 
worked out to suit the particular spiral angle selected and radius 
of tooth curvature used. 

Correctly proportioned hjmoid gears possess all the good 
features of spiral-bevei gears and have, like skew-bevel gears, 
other advantages due to the pinion offset. Their operation 
combines the smooth rolling action of spiral-bevel gears and 
a limited amount of sliding action of the nature of that of worms. 
This additional sliding is not sufficient to accelerate tooth wear 
appreciably and proves of advantage in that the high polish 
imparted to the gear teeth hy the motion tends to build up the 
efficiency of the gearing with sertuce, i.e.. the efficiency of the 


b(j a.) 
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seariiig tend.s to irnprove w 
to disinbiite arid niairiTain s 


!i running. The sliding aho helps 
oil film bettveen hibneated teeth. 


The most import ai: 
TO both skew-bevel 


icivantage oi the offset moiintings common 
Lid Iiypoicl-gear asseruljlage.s is that the 


shafts OI tne respective gear niernoers can be e.YTeiided past one 
another, perniiLting bearing supports to be located on either side 
of the gears and ariording far greater opportunities for gear 
applications than have been leasible witlt ordinaiy bevel geans 
operating v/ith a common apex point. An example of how tins 
feature can be applied in machine design is indicated in Fig. 


95. where a number of off.set pinions can be mounted on rhe same 
shaft and each drive its individual gear. 


HYPOIDS IN AUTOMOBILE DIPFERENTIALS 


One of the applications in wliieh liypoid gearing has demon- 
strated a high value is in its use in the rear axles of automobiles 
for differential gearing, a service, incidentally, largely instru- 
mental in the development of the gearing and a service for which 
spiral-bevel gearing had previously been considered especially 
suitable. Extended tests between four different spiral-bevel 
and hj-poid-gear differentials of between 4^2- and o-io-l ratio 
broiighL out some interesting statistics. In each ca.se. the 
number of teeth in gear and pinion and diameter of gear member 
were the same for spiral bevels and hypoids. The loads meas- 
ured, furthermore, were based on the same power delivered at 
the rear axle. 


An average of the results secured tvitii liypoid gearing, in 
terms of like resuKs with spiral-bevel gearing, are ; 


Increase in pinion diameter 28 

Increase in spiral angle on pinion member 30 

Reduction in spiral angle on gear member 40 

Reduction in normal tooth load on pinion 10 

Reduction in tangential load on pinion 19 

Increase in end thrust of pinion on forv.’ard anve S 

Reduction in end thrust of ninion on reverse drive 7 



SECTION X 


INTERNAL. GEARING 


The internal arrangement of gear teetn possesses so many 
inherent advantages that it is especially desirable lor the gear 
designer to be, not only rlioroiighiy familiar vith internal geai’ing, 
but fully cognizant of the limitations of internal gears and to 
know how accepted modifications in the form of internal involute 
teeth have greatly extended the fields of application for the 
gears. The more obvious of internal gearing advantages are, 
naturally, its compactness, the pinion running inside the gear, 
and the fact that the rim of the internal gear is itself an excellent 
gear-tooth guard, providing a safety feature secured with 
externally meshing gearing only when the gears are enclosed in a 


protecting casing. 

There is greater length of tooth contact in internal gearing, 
the pitch circle of the internal gear following, instead of receding 
from, the pitch circle of the pinion, a larger proportion of rolling 
and less sliding action between engaging gear teeth is secured, 
more teeth are in engagement at the same time and there is 
considerably less tooth wear. As a result, there is a vrider 
distribution of the transmitted load than can be secured 
externally meshing gearing, less friction is developed, less wibra- 
tion; higher mechanical efficienc}^ is secured, longer gear life 
and greater gear strength. Because of the longer tooth contact 
and reduction in sliding action, furthermore, internal gearing is 
inherently quiet in operation. 

Such a formidable list of important advantages, in view of the 
fact that with approved methods of gear-tooih generation internal 
gearing need be little more expensive to produce than externally 
meshing gearing of plain-spur or helicahtooth tjme, focuses 
attention more upon the limitations of the gears and on the 
methods demised to circumvent the fouling of teeth by modifica- 
tions of the involute profile of the gear-member teeth. However, 
these accepted liberties t\ith the invorate sj'stem of internal 
gearing can be best taken up individually, attention first being 
given to the formulas entailed in the design of internal gearing. 

146 
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The nomeiiclatiire and most of the dimensions and proportions 
ui intenial gears are similar to those lor externally rneshinff spur 
gears, with the subsLituiion oi the internal diameter ID for the 



outer diameter of plain spur gearing and of the bottom diameter 
Bid for the root diameter. Also, the center distance in internal 
gearing is equal to the ditTerence between the pitch radii of the 
respective gear members, instead of their sum. 


Formulas for Internal Gearing 


CD = 

i (X - n)CP PD - pd 

ai4) 

2DP 

6.2S32 


ID = PD - 

04 = 04 

DP 

(115) 

BiD = 2WD 

+ ID = 2 . 0 A 4 - PD 

(116) 


DESIGN OF INTERNAL GEARS 

Wliiie the design of an involute internal gear differs in only 
a fev,' minor points from that of an involute external gear, the 
limitations of the involute system of gearing impose conditions 
which frequently necessitate quite radical modincaiions in the 
addendum portion of the internal gear-tooth profiles. These 
alterations, though they are made automatically bj' the pinion- 
cutter method of internal gear-tooth generation, entail, when 
necessaiw, a certain sacrifice in the duration of active tooth con- 
tact, i.e., a shortening of the involute line, or path, of action. 

This loss is attributable for the most part to the fact that v.ith 
the pitch circles of the gear and pinion cur^nng in the same 
direction the involute interference of teeth is much intensified, 
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As a general rule, the smallest permissible difference between 
the number of teeth in the internal gear and the mating pinion, 
in order to secure proper tooth action without material modifica- 
tion in the shape of the tooth is seven, when employing the 
20-deg. stub form of involute tooth, the customary standard 
for internal gears, or. when using full-depth teeth of the 143d-deg. 
involute form. 12 teeth. 

As the gear-shaper ttrpe of cutter employed generally for 
the generation of involute-type internal gears is essentially' a 
pinion, the cutting generation of internal gears presents the same 
conditions as when a pinion is mated wnth the internal gear. 
It is essential, therefore, that the difference between the minihcr 
of teeth in the cutter and the number of teeth in the internai 
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gear it is lo gerieraie ije sii'-h as to pennii ihe cutter to lic fed to 
depth and at the .same Time ruTaitj with ilic gear witlumt any 
exce.ssive trimming or fouling of the internal gear teeth. 

In the diagram Fig. 97), depictiiig a 2.5-tooth pinion ine.-^hing 
tcith a 30-tooth internal gear, the dilierence between tlie number 
of teeth in the respective gear members is only five, with the 
result that the heavt' fouling indicated by the black corners of 
the internal gear teeth would occur; tvere ihe.se sections not 



Fig. 9S. — Diaera.in showing how larg-s pinioa cutter trims teeth of internal gear 
member when fed to depth. 

removed by the pinion cutter generating the internal gear teeth. 
These sections, it vdll be noted, extend well beyond the base 
circle of the internal gear, sharph" limiting the duration of active 
tooth contact. The much modified addendum sections of the 
internal gear teeth are inoperative so far as useful work is con- 
cerned, for involute tooth contact cannot take place inside the 
base circle nor does it occur outside the base circle where the invo- 
lute profile curvature is destroyed, and these sections could be 
removed by increasing the internal diameter of the gear without 
affecting the efficiency' of the gear assemblage in any way. To 
improve the situation, either a hea\ier pressure angle vvould 
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have to be employed, thus reducing the degree of fouling, or else 
a pinion with a smaller number of teerh. 

In the iayour iliustraied in Fig. 9S, sho-wing a 12-tooth pinion 
cutter engaged vrlth an IS-tooth iiiTernal gear, trimming of the 
internal gear teeth, indicated by the black sections of the gear 
teeth, takes place as the cutter is fed to deptn. In this case, the 
amount of tooth removed is considerably less, a 20-deg. stub 
tooth bemg emploj'ed and there being a dinerence of six between 
the number of teeth in the internal gear and the pinion cutter. 
The trimming, furthermore, does not extend much beyond the 
base circle, is not so harmful, and could be avoided entirely by 
employing, if feasible, a cutter with a smaller number of teeth. 

IModincation of tooth form by the trimming of the internal 
gear teeth, or by a reduction in the internal diameter of the gear; 
the reduction of interference by the emplojrnient of a heather 
pressure angle; and the use of short ened-deptli teeth for both 
gear members are all means resorted to in the avoidance of fouling 
between pinion and internal gear teeth in the involute form of 
internal gearing, but these methods all mvolve a certain sacrifice 
in transmission e^ciency and generally destrot* that questionable 
advantage of interchangeability distinctive of the involute 
system. For these reasons, as well as for the merits of the 
development, another system of internal gearing, the Williams 
system, is of especial interest, possessing as it does a number of 
valuable features. 

tSTLLIAMS SYSTEM OF INTERlSrAL GEARING 

In the Williams system of internal gearing, the forms of the 
gear teeth in both the internal gear and the mating pinion depart 
radically from those designed according to other systems and 
secure in so doing certain hihereni advantages tliai give to the 
gearing an improved operatmg action, increase ihe strength of 
the pinion teeth, reduce wear, and greatly reduce the cost of 
producing accurate and efficient internal gearing of the spur or 
helical type. The limitations placed upon internal gearing 
designed according to other systems are materially reduced, while 
all the advantages are retained and accentuated. 

In this system, the teeth of the internal gear are made with 
straight-line profiles, the bounding profiles of the tooth spaces 
being similar to those of an iiivoluie rack, w hil e the teeth of the 
mating pinion are provided with curved profiles of conjugate 
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form, giving a combination that re^ult:^ in a di~iiuc*ive path to 



out their arc of contact (see Fig. 99). An extension of each fiat 
gear-tooth profile is tangent to a circle centered on the axis 
of the internal gear, and the extension wiiich passes through 
the instant axis m of the mating gears also passes through the 
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center S of the pa.Th of tooth contact; as cioes also the radial 
normal from the center of the internal gear to the path of tooth 
contact. 

The distinctive path of tooth contact is, to all intents and 
purposes, the arc of a circle centered at the intersection point 
S and passing through the instant axis 771 of the engaging gears. 
Its usable section is subtended by the angle between a radial 
from the center -S of the path of tooth contact passing through 
the center of the pinion member and the radial normal from the 
center of the internal gear also passing through the center of the 
path of tooth contact i.e., by the angle qSr. The maximum 
angle of approach is, consequently, the angle between the pinion 
radial to the point q of nrst possible tooth contact and the pinion 
radial to the instant axis in (angle x), and the maximum angle of 
recession is the angle betvceen the pinion radial to the instant 
axis and the pinion radial to the last possible point of tooth 
contact r (angle y), the total angle of tooth contact being meas- 
ured by the angle z, the sum of the angles of approach and 
recession. 

In the combination illustrated in Fig. 99, tooth contact does 
not start quite at the begiiming of the usable path of tooth con- 
tact. nor is it maintained to the end of the path, active contact 
beginning at the point at which the inner circle of the internai 
gear crosses the usable path of poiitt of contact and ends at the 
point at which the outer circle o: the pinion crosses the same path. 
Despite the failure to utilize the maximum usable section of the 
path of tooth contact, the actual arc of pinion contact is unusually 
long for the gearing combination shown. The arc of contact is, 
in fact, materially longer than that securable with gear and pinion 
teeth proportioned according to any other of the systems of 
internai gearing in common usage. To appreciate this important 
fact in full, a comparison of the paths of tooth contact for internal 
gearing combinations of similar ratios, but designed according to 
different systems of tooth form, is necessary. 

PATHS OF POINT OF CONTACT 

The two diagrams shown in Fig. 100 illustrate in a graphic 
and illuminating manner the paths of point of contact in the 
two principal standardized systems of internal gearing. In each 
instance, the direction of rotation is clockwise and the shaded 
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area t>eTwer'n lue pitcii ciruif-s of iiie anfl pini<»ns *1 and B, 

rPiTjcctivciy, iiiciiuato.s arcus 'Vituiii "iviiii'ii no sjarr oi tuc iiatii of 
Tuuth contact c-tn lie, for in such areas inTerfcrcncc between 
gear and pinion teeTh would result. 

In The nr.st Qiagrani arc depicted the paths oi point oi contact 
for Id^o-deg. and 20-deg. teeth in the invci’iite system of 
gears., a-b and a'-h'. respectively. The pati;s are flat planes 
passing through the instant axis and inclined to the common 
tangent plane at the respective pressure angles. Tlie ctmimenee- 
ment of tooth contact on the flank of the pinion, and tlierefure the 
liniiiing factor in the useful depth of the gear teeth face, is fixed 



ij'iG. 100. — Comparison of paths of tooth contact in invoiiue* and Williams 
systems of internal gearing. 


by the pinion radius normal to the approacli section of the path 
of point of contact, while the limit to the recession section of the 
path of point of contact is — ^theoretically, at least — unlimited. 
However, there is a practical limit set to the lengili of the reces- 
sion section of the path of point of contact by the length of the 
feasible pinion-tooth addendum, for, if the flank of the internal 
gear teeth is too long, the tops of the pinion teeth are cut avray by 
the conjugate profiles of the mating gear. 

The quite general adoption of 20-deg. involute teeth for internal 
gears has been brought about by an attempt to secure a longer 
arc of approach than can be secured with 14 1 o-deg. involute teeth. 
In spite of such practice, the angle of approach remains quite 
limited, and an effective angle of contact for involute gears is to 
be secured onh^ through adopting the stub type of tooth until 
heavy-pressure angle for the iiitemal gear and decreasing the 
addendum of the pinion teeth, upon the face of wliich the wear 
is more concentrated than it is upon the flank of the internal 
gear teeth. 
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The second of ihe diagrams illustrates the paths of point of 
contact for Idi^-deg. and 2C-deg. obliquity teeth at the instant 
axis formed according to the vVilliams system, a-b and a'-h\ 
respectively. The mucli greater approach section to the path 
of point of contact is very apparent and tvell typifies the reason 
for the improved operating action of the Williams gear. A 
Williams gear tooth of 14H'deg. obliquity has a considerably 
longer arc of approach than has a 20-deg. involute tooiii. and 
the usable section of the recession path of point of contact for the 
Id^o-deg. Wniiams tooth is also much longer than can be made 
use of for a 20-deg. involute tooth. In the case of 20-deg. 
Williams tooth, the increase in length of arc of action is as 
pronounced as in the case of involute teeth. 

It tvill also be noted that the mear on the teeth is quite evi- 
dently much more uniformly distributed in the Williams system 
of gearing than it is in the involute and,, furthermore, that such 
concentration of vear, as does occur, is toward the bottom of the 
flanks of both 2 Pinion and gear teeth, where the greatest amount 
of metal is and where, owing to the distinctive form of the 
teeth, wear can occur with less sacrifice of tooth strength than 
in any other form of tooth. Wear at such ]points will also have 
the tendency to ease ofi the shock of initial contact and so 
produce quieter and smoother operating gears. 

STRENGTH OF PINION TEETH 

111 the matter of strength, the pinions (alvraj^s the weaker of a 
pair of mating gears) proporiioned according to the Williams 
system are considerably superior to those of equivalent involute 
form, and this peculiarity is clearly demonstrated by a com- 
parison of the forms of the respective internal gear teeth. The 
teeth of the Williams pinion have curved profiles of exact con- 
jugate form for the particular Williams internal gear with which 
it is to operate, while the accurate curves of the profiles of the 
involute pinion teeth are generated by the same or similar 
involute rack tool emploj'ed for the generation of the matUig 
internal gear. 

The tooth forms illustrated in Fig. 101 are accurate representa- 
tions of: (a) involute internal gear teeth: (o) an accurately 
mating pinion tooth: (c) equivalent Williams internal gear teeth; 
(d) a mating Tiilliams pinion tooth; and (e) the two forms of 
pinion teeth superimposed to emphasize the difference in their 
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Fig. 101. — Comparison cf iniernal gearing looih forms. 


root Thickness of the involute internal gear tooth; though adding 
to its strength, results in a corresponding decrease in the thickness 
of the top of the mating pinion tooth, tthich though perhaps 
not weakening the tooth does tend to limit tlie depth of its 
addendum. The extra top thickness of the gear tooth, however, 
has a more serious effect, for it tends to weaken the pinion tooth 
by the necessary* undercutting required for clearance. The com- 
posite diagram forcibly illustrates the strength superiority 
of the Williams pinion tooth, for tliough tiie pinion teeth selected 
for comparison have been ciiosen as only slightly undercut — the 
involute tooth is a 20-deg. SO per cent stub tooth of a 12-tooth 
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pinion The diuerence in their root thicknesses is ouhe 
xo indicate an appreciable difference in the strength of'tte lwo 
types 01 pinion teeLii. The strength of the respective teeth is 
proportional to tne square of their root thicknesses. 

/W.f of Aofr.rof Confscf 



T^e propoi dons Oa "U iilianis mternai gear teeth, furthermore, 
are sucn as to permit a modification in customary design trherebv 
the strength of the gearing— measured bv the strength of rh^ 
pinion teeth— is materially increased by making the pinion 
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teeth as strong as the gear teeth. This h aceompli^^hed. as 
illustrated by the 5-tooth 6 to 1 ^■olabiliatiou shown iu Fia. 1U2, 
by increasing tiie tiiickne.-s oi tne itinion teeth aiitl (■•jiTe-ijiaitl- 
ingly decreasing the thickness of tiie gear teeth. s<j that tiio ro*jT 
thicknesses of the respective teeth are equal. The pit<ii of the 
gears is not altered, simply the thickness of the ijinion teeth 
increased and the space between adjacent gear teeili vddeued 
by reducing the thickness of the gear teeth. 

This method of securing a high-sitecd ratio witii a pinion of 
few and unusually strong teeth cannot be resorted to as effectively 
in the case of gears proportioned according to the involiiie system. 
In gearing so proportioned, the undercutting of tlie pinion v.ith 
fevr teeth, though they be amply thick ori the ijitch circle, would 
be so exce.ssive ns to neces.sitate unduly reducing the tlii<-kness 
of the gear teeth to equalize the strength of tl-e pinion and gear 
teeth. 


WEAR 

The superiority of the "Williams system of internal gearing 
in the matter of longer arc of contact, or action, is well demon- 
strated by a graphic comparison of .similar gear combinations of 
the Williams and involute forms. Figure 103 diagrammatically 
illustrates the operating relation between the Williams internal 
gear and its mating pinion shown in Fig. 99, and also the operat- 
ing relations for involute gears of the same ratio and proportions. 

The section of the path of point of contact acitiaiiy utilized 
in this combination of Williams gears is from the point s to the 
point t, or the section included betv.'eeii the intersectioiis of the 
path of point of contact and the inner circle of the internal gear 
and the outer circle of the mating pinion respectively. The 
approach of the pinion teeth is measured by the angle c and 
their recession bx' the angle /, or the length of the pinion arc of 
contact, or action, is measured by the angle g. These angles, 
it will be noted, are materially less than the usable angles of 
approach and rece.ssion as limited by the available arc of contact, 
fixed by the extreme points a and r of the path of point of contact , 
yet they are considerably greater than the equivalent angles 
for an involute gear combination of the same speed ratio and 
pressure angle, i.e.. when the addendum and dedendum dimen- 
sions of the teetli are the same. The oblique line tangent to 
the Williams path of point of contact at the instant axis of the 
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gears, the line s't’, depicts the path of point of contact for such 
involute gear combination. Contact betveen opposing involute 
profiles cannot commence in advance of the point s', the inter- 
section of the path of point of contact vith its radial normal from 
the ninion center, and cannot contmue beyond the point i'. 
where the outer circle of the pinion crosses the path of point 
of contact. 



In the involute gear combination, the angle of pinion approach, 
a. is equal to the pressiure angle and is quite noticeably less 
than the angle of approach, e, for the Williams gear combination. 
The angle of recession, k, is also less than the corresponding 
angle for the Williams gear combination, so that the total pinion 
angle of contact, 1. or action, is, in the involute gear combination, 
only about 85 per cent of its value in the case of the Williams 
gears. Furthermore, the delayed commencement of contact 
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ir* T iiO invoiU^c cviriiLiiiuiii?'! Tht* tool uroii tjver 

wnioii oOKt:!*'! ■iCi ’iiv to u]ii^roxnu:itoiy <5 ijer oeiiT ui liiuT >o 
utilized iii the m!>re etfieieiit eoii:^Trui*ii!iii. 


iih -ill are oi f-uiii:ier, or aeiinii. 17- j ijer eeuT greater and 
50 per ceiiL more Tf»jTli-raee area over \vliicL eoriTaei betweeii 
The RiaTiUg Teem Taxee place, the A\iiliairia gear conibinaiion 
has a wear-resisting capaciry some 75 per cent greater than the 
similar involute gear combiiiation, when traiir-mitting the same 
pov.'er at the same speed oi rotatiuii — provided, of course, that 
the respective gears are constructed of materials of similar wear 
resistance. These comparative values are. naturaliy, applicable 
only to the particular gears under consideration and vdil vary 
TO some extent for other gear comliinations. l.uit they are typical. 

To secure a utilization of the full depth of the involute tooth 
profiles lor coruacT, in a combiiiation such as iiiaT depicted in 
Fig.s. 99 and 103, would necessitate increasing the iiressure angle 
to something over 20 deg. the obliquity of pressure at the 
instant axi.s for the gears as iilusTrated being 14^0 tleg.) and 
though such modification would increase the angle of pinion 
approach to about ihai for the 14bj-deg. Williams gears, the 
angle of recession would be quite materially reduced, unless the 
flank of the gear leetli was coii.sideraljly increa.sed. Such 
modifications would be too excessive to be feasible, but if they 
could be made and were also adonted for the Williams gear 


combination, the superiority of tlie latter form of construction 
in the matter of angle of contact v.ould still be marked, and if 
the flank of the pinion teeth was also increased s which could be 
profitably done in tlie Williams .-ystem, Ijui not in the involute) 
the superiority of the Williams constriicTion in lengthened are 
of contact and also increased wear resistance would be sub- 
stautially the same as in the gear combinations that have been 
discussed. 


REDUCTION IN THE NUMBER OF PINION TEETH 

The teeth of the pinion in a Williams comliiination are propor- 
tioned to operate v.ith a particular gear, or, in other words, the 
pitch and obliquiiy of the internal gear teeth positively control 
tlie profile curvature of the mating liinion teeth. It is obmous, 
therefore, iliat pinions \\ith fevrer teeth than are feasible in the 
involute system of gearing can be employed, for if they can be 
generated jit all, they vrill operate vrith their "master ’’ gear with- 
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oui inierferonce of teeth. Gear combinaiions with pinions 
with a small number oi teeth are both feasible and practical 
in the Williams system of internal gearing. 

Figure 104 illustrates a combination of Williams gears — a 
5 to 1 ratio — ^in which the pinion has only six teeth,, yet they are 



well proportioned for strength and free from objectionable 
undercutting. The obliquity of the gear teeth is marked., it is 
true, but the reduction in the efficiency of power transmission 
is far less than it would be in the case of involute gears with a 
corresponding heafy’-pressure angle, for during the recession 
period of the engaging teeth — ^the portion of tooth contact 
during which the transmission of potrer from the pinion to the 
gear is considerably more elective than during the approach 
to the position of so-called •'•full mesh'’ — ^the obliquity of the 
direction of pressure reduces steadily. 



IXTERSAL GEAIlIXij 


161 


1^110 gear coiiibiniition snowii iu Fm. in 2 illustrate' a iiieihod of 
proportioiiiiig tue pinion anti gear teetii isv ’vhis'lj a jiiiiinii ivitli 
only eight teeth was employed in a 6 to 1 reiiuetion ivitliout 
sacrifice of strength or adopiiiig a tooth of uiiusual ooliquitv. 
This distinctive feature of ability to geiierate and use idiiions 
with a small number oi iceth is quite obviouslv an imjjoriant 
advantage oi the illiams sj'steni oi interiial gearing. Clreater 
speed ratios are obtainable without unduly iricreasing the 
diameter of the internal gear, or a coarser iiitfh may be employed 
than is leasible v.ith involute gears, wlien available space for 
the accommodation of tlie gearins is limited. 


The ability to employ gears with fewer teeth of heavier pitch 
than can be used in the invoiiite system practice always to be 
recommended) is particularly advantageous in the "Williams 
system on account of its superiority in length of arc of tooth 
contact and improved operating action. 


. MACHINING TEETH 

The straight-tooth profiles of the Williams internal gear make 
the accurate cuiiing of such gear teeth a comparatively simple 
and inexpensive operation. A plain V-shaped, reciprocating 
cutting tool will gash out the tooth spaces rapidly and finish 
accurately both of the bounding tooth profiles, necessitating 
only the simple adiusiment act of indexing the gear blank from 
tooth space to tooth space. Any ordinary shaper with a suitable 
indexing mechanism can be employed. If the internal gear is 
of the ring t^-'pe, the tooth spaces can be milled with even greater 
rapidity, the cutter — as in the case of the simple reciprocating 
tool — bemg easily ground with the utmost precision as to the 
accuracy of the cutting edge and its oblicjuity. 

The cutting of the pinion teeth entails the use of a simple 
generating machine in winch the cutting tool, conforming in 
shape to the straight, flat, profile mternal gear tooth, swings 
about the rotating pinion blank. As the pinion of the ordinary 
internal-gear combination has comparatively few teeth, inci- 
dentally, their generation is a simple task compared with the task 
of genera.ting the teeth of the mating gear. 

The cost of cutting Williams internal gears and gear combina- 
tions is hence, Quite obviously, much less than ior machining 
gears of other tooth forms and is more and more marked as the 
difference in the number of teeth in the internal gears and their 
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mating pinions increases. If the average speed ratio of internal 
gear combinations is taken as 4 to 1. the relative time consumed 
in Cutting a gear combination proportioned according to the 
"VVilliams system, compared to that required to generate similar 
gears proportioned according to the involute system, is sub- 
stantialiy 50 to 60 per cent. In addition to this very material 
sa'.Tng in the time reciumed to machine the gear teeth, less skilled 
operators may be employed for the simple operations entailed 
in cutting Williams gears than can be safely trusted to operate 
the more intricate machines required for generating the involute 
type of tooth, so that the total cost of manufacturing Williams 
internal gears and mating pinions is substantially less than of 
generating similar gears designed according to the involute 
system of gearing. 

DISTINCTWE ADVANTAGES 

The advantages of the internal tjq)e of gearing are now quite 
generally appreciated and conceded, and in- every instance the 
superiority of the Williams sj^stem of internal gearing is con- 
spicuous. Briefly summarized, the more evident of the advan- 
tages that are possessed to an accentuated degree by the gear 
combinations proportioned according to this system are: 

1. Greater length of arc of tooth coniactj due to the dis- 
tinctive path of point of contact. 

2. Reduction hr wear, due to the irroionged contact and the 
greater proportion of the tooth-profile areas utilized for contact. 

3. Increased sirengili of pinion leetli, on account of the 
reduction in undercutting. 

4. Improved operating action, due to the slight relief in 
shock of tooth contact occasioned by the concentration of wear 
on the flanks of the pinion and internal-gear teeth. 

5. Reduction in the required number of pinion teeth. 

6. Reduction in the diameter of the internal gear for a given 
speed ratio and load. 

7. Greater speed ratios vdthout increase in diameter of 
internal gear. 

8. Possibility of employing a coarser pitch without increasing 
the diameter of t-he internal gear. 

9. Increased strength of gear combinations. 

10. Simplicity of design. 

11. Accuracy and ease of gear-tooth reproduction. 

12. Greatly reduced cost of manufacture. 



SECTIOX XI 


EPICYCLIC-GEAR TRAINS 

The inclusion in gear drives of both planetary and axial 
rotaiioii of geai’ members. epicyclic gearing, vvhere one or 
more of the indi^'idual gears are carried on a revolving arm 
eeniered on ilie fixed axis of another of the gear members, 
broadens the field of gear applicatioiLs consideraljly, the arrange- 
meni eiiecTing marked changes in tiie sj>eeds and powers of the 
driving and driven inem’oers of ilie asseritblage, Tliese epicyclic 
gear trains are used extensively in drives for machine tools, 
special tt^pes of machines, in speed reducers or gear units, and 
in the transmissions of many other mechanical devices. 

Since the compiuaiions entailed in the design of this class. 
of gearing are more complex than those for gearing that simply 
rotates on fixed axes, a clear understanding of the principles 
of epicyclic gearing is of imporianee. Tliis knowledge can 
probably be gained most readily by tracing the development 
from a simple ttvo-gear epicyclic train to some of the more 
complicated assemblages of compounded planetary gearing, 
including simple and compound gears of both external and 
internal varieties. An effective way of conducting such a study 
is to present a series of concrete examples featuring some of tlie 
more commonly emjtloyed arrangements, or t^T^es, of epicyclic 
trains. 

As a help in differentiating between the directions of rotation 
and in establishing gear-ratio values characteristic of basic- 
varieties of epicyclic, or planetary, gearing, rotations in a clock- 
wise direction will be designated as positive (A), rotations to 
the left as negative ( — k and the rotary speed of the driven 
member expressed in terms of the rotary speed of the driving 
member. 

SIMPLE SPTJR-GEAR EPICYCLIC DEIVE 

The simplest form of epicyclic gear train consists of two 
externally meshing spur gears, one stationary, or fixed, and 
the other free to rotate and carried on a revolving arm which 
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is centered on the axis of liie fixed gear. In such a combination, 
the arm is the driving member and the free gear the driven, 
the gear ratio being the number of revolutions made by the 

driven member during a single 

-v.. 'Ar/K PM revolution of the driving meni- 

^ under 

/ / \ /H consideration is the revolving 


I VJ^-V I 1 • 

\ iKi J ciriven gear in an assem- 

\ SM-POP J ! blage of this kind is quite 

y A ^ * obmously subjected to both 

^ planetaim and axial rotation, 

^eor - J -j.D former by virtue of being 

> iG. i05. — Diasram simtile sunr-sear . , "i , . “ 

epicyelic drivk ' “ carrieQ arouxid tne stationary 

gear by the driving arm and the 

latter by being in mesh vitli the stationary gear about which it 

rolls. The effect of these combined motions upon the gear 

ratio of the assemblage is dependent, naturally, upon the number 

of teeth in, or the diameter of, the respective gear mem^bers and 

can be best demonstrated by citing a t 3 rpicai example, as follows: 

Let: 

Stationary gear member (SM) have 50 teeth. 

Driven gear member (DM) have -20 teeth. 


Then: 

Disregarding the fact that the two gears are in mesh, the 
sv^inging of the driven gear once around the stationary gear, 
in a clockwise direction, by the driving arm. has the effect of 
causing the driven gear to turn over completely once, just 
as if it had made a revolution on its own axis, also in a clock'P'ise 
direction. While being carried around by the revolving arm, 
however, the engaging gear teeth on the stationary gear cause 
the driven gear actually to turn on its axis, the rotation being 
the same as woiikl be effected by similar gears, both running 
on fixed axes, when the dricung gear turned in a counterclock- 
wise direction. Since the stationary gear has 50 teeth and the 
driven gear 20, the driven gear makes 21-^' revolutions, on account 
of its engagement with the stationary gear in the epicyclic train, 
during each revolution of the driving arm and does so while it 
is also being rotated once by the action of the revolving driving 
arm. Consequently, the gear ratio of the epicyclic train is 1 to 
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3 ' 2; the driven gear acquiriiig 1 revoliition by virtue of its 
planetary motion and having 2*2 revoliitioijs impart ed to it, 
during each revolution of the driving arm, by virtue of its engage- 
ment uitti the stationary gear, in botli cases the direction of 


rotation being positive. A general equation, covering similar 
assemblages of these simple spur-gear epicyclic drives vdth any 
number of teeth in their respective gear members, ls 


DMV = Rin 


V ‘ 


and Gear ratio (GR) 


RMV: DMV 


where DMV = driven-member velocity. 

RMV = driving : revolving i-member velocity. 
SG = number of teeth in stationary gear. 
DG = number of teeth in driven gear. 


SIMPLE SPUR-GEAR EPICYCLIC DRIVE WITH INTERMEDIATE 

GEAR 

Introducing an intermediate idler gear in a simple spur-gear 
epicyclic drive reduces the gear ratio and often causes the 



Fig. 106. — Diagram simple spur-gear epicyclic drive with intermediate gear. 

directions of rotation of the drhung and driven members to be 
opposed. The extra gear, whatever its size, has the effect of 
causing the rotation imparted to the driven-gear member by 
the stationary gear to be in the opposite direction to that of the 
driving-arm member, but mthout change in its amount. Con- 
sequently, while the turnover of the driven gear by virtue of 
its being carried around the stationary gear by the revolving 
arm is in the direction of the arm’s rotation, the resultant direc- 
tion of the driven-gear’s combined rotations, planetary and 
axial, depends upon whether the stationary gear or the driven 
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gear has the greater number of teeth. The equation for the 
determination of this point is 


DMV = RMt(^1 



\ 


DGj 

1 


= 50 T 

eeth 

and the driven- 

se of 

a si 

imple spur-gear 

•iven 

gear 

■ would number 


gear member 20 , as in the foregoing case o 


1 ’^ for each revolution of the driving-arm member and be in 
the opposite direction: 


DMV = RMVil - = l.oRMV (-) and GR = I :l.o 

On the other hand, if the stationary gear had the 20 teeth 
and the driven gear 50 teeth, the directions of actual rotation 
for both the driven gear and the driving arm vouid be the same 
and the gear ratio considerably less : 

DMV = RMVa - 2 O 50 ) = O.QRMV (-h) and GR = 1:0.6 


SIMPLE I3S"TERNAL-GEAR EPICYCLIC DRIVE 

If, instead of the driven gear being an external spur, it vrere 
made an internal gear, the effect vtould be much the same as 
inserting an ini’ermecliate gear in a simple 
spur-gear epicyciic drive. The rotation 
imparted to the driven gear by the sta- 
tionary spur gear mould be opposed to 
that of the driving arm, though, on 
account cf the internal gear having of 
necessity more teeth than the stationary 
.spur gear, the internal gear would actu- 
ally turn in the same direction as the 
driving arm. For the same reason, the 
gear ratio would be a reduction. 

In this case, the equation for the deter- 
mination of the driven-member velocity 
for a simple spur-gear epicyciic drive incorporating an interme- 
diate gear would apply, and the driven-gear velocity and the gear 
ratio with a oO-tooth, internai-gear and 20-tooLh, stationary spur- 
gear member combination would be 

DMV = RMl - = RMV - ) = O.QRMV f+; 

UCr OO / 

GR = 1 : 0.6 



Gsar .''cr-ric = 7:0,6 


Fig. 107. — Diagram 

simple inier:ial-gear epi- 
cyelie drive. 
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SIMPLE miEILNAL-GEAR EPICYCLIC DRIVE WITH 
INTERMEDL^TE GEAR 


The inserrion of an hiTermedi: 
lionary sjnir gear and the driven 


ate spur gear bet ween the ^ta- 
iiitenial gear lurnia an eiheyclic 


drive eueciing sjjeed ehanges similar to those wiili a simple 
spur-gear epicyciic drive. The iriierpo.-^iiiori of the additionai 
SDur gear has the effeci of causing the roiation imparted to the 
driven gear through its connectiun wiih the stationary gear to 
be in the same directiou as the rotatimi of the driving-arm 
member, and the resultant velocity of the driven gear is, conse- 
quently, the sum of its planetary and atdal revolutions. There- 
fore, the equation for the determination of the driven-member 
velocity in a simple spin-gear epicyciic drive is applicable and, 
in the case of a drive of tliis variety wiili a 50-tooth, driven 


internal gear and a 20-tooth, siationaiy gear, the relative rotary 
velocities of the driving and driven members would be 


DMV = RMv[l -h d- (-f ) 

GR = 1: 1.4 


With this variety of epicyciic drive, 
quentiy made the driving member and 
the revolving arm the driven member, 
simply reversing the drive, in which 
case the equation for the determination 
of the driven-member velocity takes the 
form : 

where IG = number of teeth in driving 
(internal) gear. 


the internal gear is fre- 



pie internal-gear epicyclie 
drive iniermediate gear. 


If, with this varietj' of drive, the same gear proportions are 
used as in the preceding case, the resulting speed reduction, 
when the internal gear is the dilving member and the revolving 
arm is the driven member — which entails no change in the direc- 


tion of the resultant motion — and the gear ratio of the drive are: 


Z)3/T' = - 

oU 

GR = 1:0.714 


50 


20 


= 0.714i?d/7 


C-!-t 
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SUN AND PLANET GEARS 

Internal-gear epicyclic drives with one or more intermediate 
gears are frequently and aptly termed sun and planet gears, 
though this descriptive designation should be reserved for 
assemblages where the center of the internal gear exactly coin- 
cides -onth the axis of the carr\hng arm. Tliis more sjunmetricai 



Table 30. — Shipee St:x-.ax3-plaxet Ge-ae Velocities 
Symbols for Member Units 

Sun gear. SG. Planet gear, PG. Internal gear, IG. Carrying arm, CA 
(Symbols also denote number of teeth in, or diameters of, gears) 
Function Symbols 

Stationary member, SM. Driving member. RM. Driven member. DM. 
Carrying arm. CA 

VSG = velocity, sun gear. VIG = velocity, internal gear. 

VC A = velocity, carrying arm. VPG ~ velocity, planet gear. 


Rotarj- 


SM 

RM 

1 

VSG 

j 

SG 

\ 

CA \ 

: IG 


IG ; 

CA 

' SG : 

\ ‘ SG 

SG \ 

IG ^ 

1 CA 

0 

CA \ 

: IG : 

■ SG ' 

I IG 

SG 

IG \ 

1 SG : 

■ GA \ 

1 

CA \ 

aSG 

; IG ■ 


PG : 

CA ' 

: SG ^ 
6c 

IG : 



^ Revoltiiioiiss of planet gear about 



driving member 


VPG* 


SG 

PG 

IG 

PG 

IG _ SG 
IG 4- SG ^ PG 
IG 
PG 

SG IG 
IG SG ^ PG 
SG 
PG 
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arrangemeni possesses a number of ciuite obvious advantages. 


It is generally a cheaper construe 
the size of the intermediate gear 
is a condition that affects only 
rotation about their o^vn centers 


tioii; and u.^^ually feasible, since 
‘S, usually termed plami gtafi;, 
their own individual speed of 
and does not affect in any way 


the rotary speeds of the other gear members. 


With the ba.lanced construction, any one of the gear members, 
as well as the carrtdng arm, maj’ serve as either driving, sta- 
tionary, or driven member, and there are seven different com- 
binations which prove useful. These are ILsted for simple sun 
and planet gears in Table 30, wlrere the relative rotary speed 
of each member is given in terms of a revolution of the driving 
member for each arrangement of drive. The symbols used 
in the table, to designate the various member units, are also 
made use of to denote the number of teeth in, or the diameters of. 


the respective gear units. That is, in computing the value.s 
of the listed ratios, the number of teeth in, or the diameters of, 
the designated gears should be substituted for the symbols. 


COMPOUND SPUR-GEAR EPICYCLIC DRIVE 

The empiojunent of compounded gears as members of an 
epicyclic gear train serves to increase the gear ratio of the 



Fig. lOQ. — Diagram compound spur-gear epicyclic drive. 


assemblage, and this construction is shown in its simplest form 
in Fig. 109 where a compound gear meshes with a stationary 
gear and with a driven, free-running gear. The stationary 
and driven gears have a common axis about which the arm 
carrying the compound gear is also centered. 

Disregarding the pianetarj’ feature of the assemblage, the 
speed ratio of such a gear train, all gears being free to revolve 
(the compound gear as a unit), is such that the velocity of the 
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last, or driven, gear bears the same relationship to the velocity 
oi the first, or driver, gear as the product of the number of teeth 
in, or the diameters of, the driver gear and the driver section 
of the compound gear does to the product of the number of 
teeth in. or the diameters of, the driven gear and the driven 
section of the compound gear. Introducing the planetary 
rotation, by fixing the first gear and making the carrj'ing arm 
the driving member simply adds one more revolution to the 
rotary velocity of the driven gear. 

In such form of planetary drive, the rotutioii of the compound 
gear, both sections, is in tlie stime direction as that of the drivins 
arm, and the rotation of the driven gear, eonseciuently, is in the 
opposite direction. Therefore, the equation for determining 
the rotaiy velocity of the driven gear, in terms of the rotary 
velocity of the driving arm, and the gear ratio of the drive are 

DMV = RMV(^ - "" RMV: DMV 

where = stationary member, number of teeth or pitch 
diameter. 

DAI = driven member, number of teeth or pitch diameter. 

CGR = compound gear, driver section, number of teeth 
or pitch diameter. 

CGD = compound gear, driven section, number of teeth 
or pitch diameter. 

With 45 teeth in the stationary gear, 20 in the driven gear, 
and 35 and 10, respectively, in the sections of the compound gear, 
the rotary speed of the driven gear is 6j-s times as great as the 
speed at which the driving arm revolves and in the opposite 
direction. The reversaj in direction oi rotation is due to the 
fact that the rotary velocity imparted to the driven gear by the 
compound gear is greater than the rotary speed of the drirfing 
arm: 

DMV = RMy(i ^ = RMVa ~ v.875) = 

Q.SToRMV (— ) 

GR = 1:6.875 

COMPOUND SUN AND PLANET GEARS 

The substitution of an internal gear for the larger of the spur 
gears in a compound epicyclic drive causes all the rotating mem- 
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bc!v? to revolve lu the same direction, so tJiat tlie resultant 
velocity of tiie driven inienial gear, wiien tiie carrying arm is 
the driver, is ilie sum oi its liiaiietary rotation and the rutary 
velocity iinparted to it bt' virtue of its engafrernent tvitli the 
conipound gear. Tiie equation for deTermining the velocity 
of the driven member then Ijecomes 


DMT 


RMV 1 


SM X CGR\ 
DM X CGD ) 


A conipound eijicyciic drive consisting of a 4.5-tootli internal 
gear, a 20-tooth stationary, central, sjiiir gear, and a compound 
gear with 10 and 15 teeth in its respective sectioms would have 
a gear ratio of 1 to I-3. With the arm driving, obviomsly, 
the attainable gear ratio in such a drive is limited to the range 
of between 1 to 1 and 1 to 2. whatever the proportion.? of the 
gear members employed. 

DMV = RMV 1 d- 7? 5 = 1.67/?,1/T' f-f) 

4o X lU 

GR = 1:1.67 


This construction, shown in Fig. 110, is of the sun-and-planet 
gear variety, hoivever, and any one of the gear members can 


DM ,Arm -RM 



SM y 

^ 2GT Ges>!' = i'1,67 

Fig. 110. — Diagram compound sun and pianot gear. 


be made the driving member and any one the stationary mem- 
ber, so making it possible to secure a much wider range of gear 
ratios, with the directions of rotation of the driving and driven 
members always the same. The relationships existing for any 
of the possible arrangements and the relative rotary speeds tor 
the individual gear members in each arrangement are listed 
in Table 31, where the symbols emploi'ed not only identify 
the various member units but denote as well the number of 
teeth in, or the diameters of, the respective gears. 


CGR 
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COMPOUND EPI CYCLIC DRIVES WITH TWO INTERNAL GEARS 

A form of compound epicyclic drive Thai retains the svm- 
nieTiical arrangement of the sun-and-nlanet gear arrangement 
but substitutes for the central sun gear a second internal gear 
is shown in Fig. 111. This arrangement enects both a reversal 
in direction of rotation and a reduction in rotary si^eed, when 
the carrying arm is the dri^nng mem- 
ber. Under these circumstances, the 
equation for ascertaining the relative 
rotary speeds of the dri\nng and Y 
driven members are / ( \ 


DJ/T- = 


With 35- and 45-tooth internal J5f' ^ WT. 

gears, the smaller one being the Gear rafIo = i:0.S56 

stationary member of the assemblage Fig. hi.— Diagram com- 

and the carrj-ing arm the driting 
member, and vith a compound gear 

with 10 and 20 teeth in its respectiye sections, the gear ratio of 
such an epicyclic driye is a matter of 1 to 0.556. In this con- 
struction, should a larger stationarj* internal gear be employed, 
the driven internal gear remaining the same size, a somewhat 
greater reduction in the velocity of ihe driven gear would be 
effected: 


DMV = 

GR = 1:0.556 


35 X 20 
45 X 10 


= 0.5o6RMV 


The addition of two central dri\nng sun gears in an epicyclic 
drive of this character with its two internal gears, one of which 
is staiionary, exemplifies not only a further modificaiion of 
interest, i.e., a more complex sun and planet gear, but is vrell 
indicative of the tjme of computations often involved in propor- 
tioning this class of gearing. The arrangement is shown in 
Fig. 112, where the symbols both identify the member gears 
and denote the number of teeth in, or the diameters of, the 
respective gear members. \Wiiie the equation for ascertaining 
the relative speed of the driven internal gear in termis of the 
speed of the driving sun gears in this arrangement is not in 
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itself especially complicated, it might be ■«'ell to trace its develop- 
ment step by step. 


The rotary speeds of the central driv-ing sun gears SGI and 
SG2 are naturally the same, represented by the function symbol 
RMV, and may be taken as being in a positive direction. The 
rotary speeds of both sections of the compound planet gear, 
CGR and CGD. are likewise the same but in a negative direction. 
Consequently, tvlien the driving gear of the first stage makes 
one revolution in a clockwise direction, the arm carrmng the 


compound planet gear makes 


SGI 

SGI -r SM 


revolution in the same 


direction. 



Gear rah'o = U 0,25 

Pig. 112. — Diagram sun and planer gear with two internal gears. 


In the second stage, if the arm did not move while the driving 
gear SG2. which rotates with SGI, makes one revolution in 
a positive direction, the driven internal gear DM would turn 
in a negative direction by that part of a revolution measured 
the ratio SG2/DM. Also, if the sun gears did not rotate 
on their centers, the driven internal gear in the second stage 
SG2' 

would make ^ jj if revolutions in a positive direction for 


each revolution of the carrying arm. 

^svolution of the arm, i.e.. 


Consecpaently, during 
:he part of a revolution 


made by the arm while the driving sun gears make one revolution. 


the driven internal gear would make 



revolutions. 

The resultant rotary speed of the driven internal gear DM is 
then the sum of this rotation in a positive direction and its 
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roiaiion in a negative direction eau>ed by tiiO coiiiiterclock- 
wise rotaiion of the compotind pianei gear. Tlie filial direction of 
rotation of the driven gear depends consequent iy npon whether 
the product 01 the number oi teetn in, or tne diameters oi, the 
^(tI and D3/ is larger or smaller than the similar product for 
the gears SG'2 and SM: 

nifr = Pin 

DM\ J?1T ' Dj/j^ DMj\ 

[DMiplfm dm) 

X SGI i SGI X DM - SG2 X - SG2 X SM\ 
DMm^SM) J 


That is: 


DMY^RMT 


JSGIXDM-SG2XSM^ 
i DMiSGl -b SM) 


With the various gear members proportioned as indicated in 
Fig. 112, the gear ratio for tins somewhat complex epicyciic 
drive works out as 1 to 0.25, the final direction of the driven 
inteiTial gear DM being counterclockwise, or negative. 


DMT - Ml 


yiO X 40 - 20 X 
40(10 -h 50) 


= 0.25Mr H 


GR = 1:0.25 



SECTION XII 


GEAR UNITS 

Gear units — speed reducers as they are usually termed in the 
smaller sizes — constitute v.'liat can appropriately be looked upon 
as the final proving ground of gearing. In these compacij 
totally enclosed assemblages, the gear trains, running in a bath 
of oil; operate under the most favorable conditions and develop 
their highest transmission efficiency. The units conserve power 
and space, require little attention, run with a minimum of 
noise and ffibration, possess inherently long life, marked dura- 
bility, and unexcelled safety features: making them unquestion- 
ably the most economical of all forms of gearing. In fact, they 
have made possible the wide use of qualitj’ gearing m commercial 
and industrial applications under all conditions of service and 
have made feasible the adoption of the modem efficient, high- 
speed power units which have contributed greatly to the building- 
up of present-day low-cost manufacturing methods and practices. 

Any approved system of toothed gearing, spur, straight, or 
helical: worms and worm gears: and bevel gears, standard and 
spiral, can be used for the gear members in these compact gear 
trains, with driver and driven shafts in line, parallel, in the 
same or different planes, vith the axes of these major shafts 
mtersecting or not. In short, every twoe of gear and mrtually 
all the many arrangements of gearing are to be found in one or 
another form of gear unit, the gear members mounted within 
a confined space under conditions which make the most of the 
individual merits, of the gears and permit proffisions for combat- 
ing and circumventing any inherent drawbacks the gears may 
possess. 

While the materials employed, the design of the gearing, and 
the skill in workmanship entailed in the production and assembly 
of the gear members are considerations of prime importance, 
other essential details in the success of these generally efficient 
gear units have to do with the method of mounting the gears, 
equalization of bearing pressures, the sjunmetrical arrangement 
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ox all roiaring parts, ana the .‘jalance so far as irossibie of all 
developed strains anci stresses, \\ith these detxiiis the gear 
designer is concerned and, while they differ considerably with 
the gear-unit arrangement, tliere is a certain siniilaritv in reciuire- 
ments for specific classes and tjmes of gear units. 

There are two general divisions of gear uni .. those with 
their driver and driven shafts in line, or, when there is an angular 
variation in the main-shaft axes, in the same plane: and those 
with their shaits parallel, or, when there is an angular variation 
in the main-shaft axes, in different planes. Both these divisions 
include gear units of radically different Types and design, and 
both are used extensive!}' in machine drives. 

GEAR UNITS WITH SHAFTS IN LINE 

Gear units with the axes of their driver- and driven-gear 
members in line may have all their rotating parts arranged 




gear unii. speed reducer. 

concentrically and revolving about the center line of the gear 
assemblage, or the intermediate gears may be mounted upon 
individual studs arranged around and equidistant from the 
major axis of the unit, this divusion including planetary, non- 
pianetary, and plain spur varieties of gear units, effecting speed 
changes in one or several stages. As these varieties of .speed 
reducers are all in common use, and each is well adapted to 
certain conditions of sermce, interest centers not so much upon 
the respective efficiencies of the units as it does upon how to 
secure the best results with the various constructions, i.e., upon 
the balancmg of bearing pressures and the avoidance, so far as 
possible, of friction-load losses. 

In the planetary construction full advantage is taken of 
the momentum of the revolving parts, and bearing pressures are 
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not only effectively ecaialized but- are reduced to a minimum. 
\Yith accurately proportioned and vcell-balanced gear members 
and all gear axes in precise alignment, there is little or no bearing 
pressure on the individual journals in this variety of speed 
reducer. This means, there is a corresponding reduction in 
the journal friction and consequently less v/ear. On the other 
hand, there is a multiplicit of points of gear-tooth engagement 
at all of which there is a certain amount of unavoidable sliding 
action betvteen engaging teeth and conseciuent friction loss and 
tooth wear, no matter what system of gear-tooih proportions 
and curvatures of tooth profile is employed. Hovrever, these 
unavoidable friction lo.sses with tvell-made gears should not 
exceed at most 1 per cent of the pov. er transmitted at each point 
of tooth engagement. Unfortunately, they are accumulative. 



In the nonplanetaiw units with a srunmetrical arrangement 
of several intermediate gears engaging both a centrai and an 
encompassing internal gear member, full advantage cannot be 
taken of the accumulative momentum of the rotating parts in 
the eciualization of the bearing pressures, either upon the main- 
dri’ving and driven-gear shaft journals or on the fixed studs 
upon which the intermediate gears revolve. A good distribution 
of the bearing pressure on the driving shaft is secured by virtue 
of the several points of tooth engagement between the central 
gear and the intermediate gears, however, and the bearing pres- 
sure on the internal-gear shaft is likewise well distributed but 
that on the fixed studs carrying the intermediate gears is con- 
centrated on the sides of the studs, on the circumference of the 
circle of stud centers. As in the planetary construction, there 
is also the inescapable tooth-friction loss at each of the several 
points oi tooth engagement between the concentric dritung- and 
driven-gear members and the several intermediate gears, but 
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trie driving torque in the nonpianeTary construct ion is soinevvliaT 
more effectively applied, and there is less nower loss. 

A distribution of the bearing pressure on the driver- and driven- 
gear-member shafts is effected in the plain spur variety of gear 
unit by the three-point engagement of the central sears with 
the compound intermediate gears, but, in the case of the pressure 
on the fixed studs supporting the compound intermediate gears 
in this construction, the situation is the same as that whicli 
pertains when a pair of ordinary' spur gears mom • ted on fixed 
centers engage. The unit, incidentally, is a compound type 
of speed reducer effecting ttvo speed changes in a single .stage, 
that between the driver gear and one of tile sections on the 
intermediate compound gears and another between the second 
section of the compound gears and the driven-gear member. 

GEAR UNITS PARALLEL SHAFTS 

The equalization of bearing pre.s.sures. so essential for the 
efficient operation -of these compact gear assemblages, is more 
of a question of design in gear units \with parallel shafts, fcr 
not only do the several functioning shafts have to be accurately 
aligned, but the localized engagement of the various gear mem- 
bers over confined and limited sections of the meshing teeth 
does not afford the same opponunities for a distribution of 
the bearing load as does the multiplicity of points of tooth- 
engagement. characteristic of gear iiiiiis with their rotating 
parts revolving about one major axis. The precise alignment 
of the various gear shafts in the housing of the gear unit is, 
consequently, of especial importance and this alignment should 
be such as to assure parallelism of all the functioning shafts, 
not only when the unit is at rest or running light, but when it 
is fully loaded and subjected to the most unfavorable operating 
conditions. 

The bearings supporting the shafts cannot, under any circum- 
stances, fit the shafts exactly, a certain amount of running 
clearance being essential, and this fact must be taken into 
account when considering the possibilities of misalignmeiii of 
the sensitively formed gear teeth. The running clearance can 
only increase and progressively hamper the proper engagement 
of the gear teeth, should any misalignment develop. Conse- 
quently, the unavoidable bearing wear must be kept axially as 
uniform as possible, and ail developed strains and stresses that 
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are not in the planes of rotation must be balanced Vvith ail 
attainable precision. 

Exterior influences, as well as those within the confines of 
the gear-unit housing, that in any v/ay tend to promote mis- 
alignment should be carefully guarded against, for which reason 
the best gear-unit drives are usually those which are flexibly 
coupled at both dritfing and driven ends, thus minimizing the 
ill effects of am* misalignment in the eoimected shafts. Every 
effort should be made to make the gear units truly seli-contamed 
and vrell balanced witliin their housings. 



gear unit. 

The problem, aside from the difficulties of mounting even 
two shafts in exact parallelism, is not especially compncaied in 
gear units of single, reduction but becomes progressively more 
complex as the stages of speed change increase. A sjumnetry 
and bai r ce of all functioning pans within the gear-unit housing 
is the chief requirement. ^ 

When two or more changes in speed are involved, necessitating 
the empIojTnent of several pans of engaging gear members, the 
inditfidual pairs of mating gears should not be placed side by 
side, but each alternate train should consist of duplicate pairs 
of gears, one pair flanking each side of the pair of gears consum- 
matiug the preceding speed change, as shown in the diagrams 
depicting two- and three-stage gear units (Figs. 117 and 118). 
Not only should this straddle arrangement be employed, but 
the supporting bearings should be symmetrically located ia 
respect to the normal center line of the gear unit, the shafts 
made adequately stiff for their unsupported lengths, and every 
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precaution taken to guard against any sliaft clefiectioii beinz 
cau>ed bj* tne transniitteci Tootli load. 

It is tills need oi avoiding all preventable .shaft deflectioii 
that is responsiDle lor and expiaiiLS the occa.^ional, especially 
liigii efficaenctr oi well-proportioned gear units ernploving stand- 
ard spur gearing with the ordinary axial arrangement of gear 
teeth, and of the less pronounced efficiency of .siniiiar zear units 
incorporating gear nieniDer.? v-dtli a helical arrangeiiient of gear 
teeth, even tvhen a fairly sjunnietrical location of the fvinctiuuing 
gearing exists. li the arrangement of the gear rnernber.s is 


I 

fn 



Fig. lls. — Arrangement of balanced gearing in triple-reduction gear unii. 

not symmetrical, the situation is naturally more serious, for 
the resulting misalignment is just so much more harmful. The 
slight misalignment made possible by the essential running 
clearance of the functioning shafts in their bearings, triwial 
though it may be at first, grows progressively more pronounced, 
on account of the increasing concentration of the transmitted 
load toward the ends of the helical gear teeth, with the ine\itable 
result that disastrous tooth wear rapidly develops, materially 
shortening the useful life of the gear unit and sacrificing trans- 
mission efficiency. 

Considering the sensitiveness of the accurately formed gear- 
tooth profile to any slight misalignment and the effect of the 
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niisaiigiirnent upon the smooth operation of the gears, the 
important advantages of the progressive engagement of gear 
teeth secured by their helical arrangement are generally realized 
best in gear units intended for high-speed service by employing 
gearing of the herringbone type. With accurately proportioned 
gears of this variety, the axial thrusts developed by the opposing 
obliquities of the gear teeth are absorbed by the gears and 
balance one another. As a result, there are no eccentric stresses 
tending to localize pressures between meshing teeth. 

An exception to this general rule is in the case of large gear 
units employed for heatw service, i.e., for handling large amounts 
of power usually at comparativeh* low speeds of rotation, where 
the helical gearing successfully employed is of necessity of 
considerable face width and the helix angle of the gear teeth, 
consequently, relatively small. Gear units of this character 
discount the possibilities of any gear misalignment by their 
vert' massiveness and proportioris; so much so that excellent 
results are secured with duplicate helical gear members in single- 
stage units, with teeth of opposing obliquity mounted on the 
same shaft, preferably with supporting bearings between, as 
well as flanking the individual pinion members on the high-speed 
shaft. 


WORM-GEAR SPEED REDUCERS 

The high transmission efficiencj^ of modern worm-gear-t\q)e 
speed reducers is a result of proper gear design, as well as of 
the use of suitable gear materials and skilKul production. Shaft 
alignment, usually at right angles, is a consideration of much 
importance and the helix angle of the worms and gears should 
be in the neighborhood of 45 deg., to secure a relatively high 
peripheral worm-gear speed vith as limited an amount of sliding 
action between the engaging worm tiu’ead and gear teeth as 
feasible, as well as for the attainment of high transmission 
efficiency. The problem, in worm-gear design, is one of frictional 
heat distribution and control, as well as of the distribution and 
balance of bearing pressures and of the accurate alignment of 
worm- and gear-contact surfaces. The qualities and character- 
istics of the worm and gear materials and the finish of the worm 
threads and gear-tooth profiles, consequently, command especial 
consideration. 
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Chilled cast bronze of a nne dense structure for ilie rim of 
ilie v%-orm gear and a high-grade alloy steel suitably heat treated 
and hardened; or a low-carbon steel case-hardened, forni a 
combination of gear materials found by experience to be well 
suited for the arduous and exacting duty placed on the contacting 
tiiread and gear-tooth elements. The worms, after hardeiiing, 
should be carefully ground and polished to insure intimate and 
uninterrupted tooth contact and be of as small diameter as a 
heavy, rigid shaft construction permits, the latter lo limit tlie 
peripheral speed of the worm as much as possible. 

Careful consideration should also be given to the bearing 
constructions of worm and worm-gear mernberSj both requiring 
efficient tlirust as well as radial bearings, the particular variety 
depending to some extent upon the load and conditions of 
service. Adequate lubrication is also of the utmost importance 
in v.'orm-gear-tx'pe speed reducers, for the oil supply fuiicTions 
as a cooling as well as a lubricating medium, absorbing and dis- 
persing the frictional heat developed by the sliding engagement 
of the worm thread and gear teeth. 


COMBIKATION GEAR UNITS AND ANGLE DRR^S 

These several basic varieties of gear iinirs, in single- or multiple- 
reduction ijmes, pro''.'ide in themselves any desired gear ratio 
over quite an extended range and by combinations of the various 
types the range can be extended to include exceedingly high 
ratios, as 100,000 to 1 and even higher. The combinations may 
simply connect several independent units in series or the com- 
bination may be effected within the confines of a single housing. 
The driving unit, usually an electric motor, may also be built 
into, i.e.. incorporated ■Rith, the gear unit, but ordinarily the 
gear unit is an independent, self-contained mechanism interposed 
betv\-een the power unit and the driven mechanisms. 

As a protection against eccentric stress being introduced irom 
without the unit, tending to disturb the precise alignment of 
the gear-unit members that is so essential for the satisfactory 
operation of the train of gears, the connections to both the 
high- and low-speed shafts should be effected throiigli suitable 
forms of flexible couplings. This practice also affords some 
protection against the jarring shocks of suddenly applied and 
sharply fluctuating loads. 
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When There is an anguk 
of the unii. as in an angle 
tendency to disturb the fine 


ir variation in the main-shaft axes 
drive, a condition which also has a 
balance and alignment of the impor- 


tant functioning members of 
direction should be made at 


the assemblage, the change in axial 
the low-speed shaft and not at the 


high-speed shaft or at any intermediate point. By effecting 
the change in this manner, at the low-speed end, there is a 
minimum sacrifice in efficiency of transmission and the alteration 
in rotational speed is consummated under the most favorable 


conditions. 


GEAR-RATIO LIMITATIONS OtcERCOME 


While any desired, or particular, gear ratio can be secured 
with any one, or trith a combination, of these varieties of gear 
units, the gear ratio is necessarily fixed, except in certain types 
of planetary units, where a limited number of different gear 
ratios can be secured by making different sections of the assem- 
blages the stationary member. Where a definite gear ratio 
is, or can be made, a permanent requirement, this limitation 
is no particular drawback, but when some change in the rotary 


speed of the driven equipment is 
when conditions are apt to cha 


required from time to time or 
nge. making an alteration in 


gear ratio necessary or advisable, it may be felt that the installa- 
tion of a quality gear unit, entailing a somewhat higher invest- 
ment than some other more flexible but less eiBScient form of 


gearing, is not justified. 

This, ordinarily, is a mistake, for quite often it is possible to 
interpose a simple train of eScient gears between the driven 
shaft of the gear unit and the equipment it drives and thus secure 
a different gear ratio tvith httle loss in transmission efficiency. 
If several changes in gear ratio are required, proffisions for a 
rapid substitution of the intermediate gears can frequently 
be made by mounting the gear unit and its drhting motor on a 
suitable form of swinging cradle. In such a case, it is advisable 
to have the fixed gear ratio of the unit a mean between the 
required minimum and maximum values. 
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METHODS OF GEAR PRODUCTION 

In commercial praciice., the production of gears is iiovr almost 
entirely consummated by a process of generation, in wnidi 
the machining of the gear teeth is effected by causing the cutting 
tool and the gear blank to roll together as the tool advances 
and cuts the tooth spaces, and the gear teeth take form, in 
a manner closely resembling the engagement of a pair of mating 
gears. That is, the tool cuts the teeth while it, at the same time, 
follows the continuous rotation of the gear blank. This method 
is speedier and produces more accurately proportioned gears 
than the former usual method of milling the individual tooth 
spaces with formed cutters, which is now employed only for 
the production of indmdual gears that are to be run at relatively 
low pitch-line velocities. Gear production by generation, being 
machine controlled, is not only a speedier method but a cheaper 
one, and the gears that are produced are of better quality and 
much more uniform. In fact, the quality gearing required for 
high-speed operation can be produced by no other of the usual 
machining methods. 

The practical application of generation in gear production 
is effected in a number of different ways, though all are founded 
on the same basic principle, and these are, in the order of their 
general employment, by bobbing, planing, grinding, and molding 
operations. The last, while still in more or less of an experi- 
mental stage, is the one that most faithfully applies the principle 
of generation, but as it entails more of a departure from the 
involute sy^stern of gearing than has as yet been deemed expedient, 
and much that is foreign to gearing in general, it will be taken 
up as an independent subject. 

HOBBING GEAR TEETH 

The process of bobbing gear teeth consists of revolving and 
advancing a worm-shaped cutter tiirougli the revolving gear 
blank, the respective rotary* speeds of the cutter, or hob, and 
of the gear blank being established by* the number of threads 
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Oil the hob and number of teeth to be cut in the gear blank 
For example, if a singie-threaded hob is used to cut a SO-tooth 
gear, the hob rotates 30 times and is fed across the lace of the 
blank once while the gear blank makes a single revolution. 

In the performance of this generating operation, the hob is 
mounted v.ith its arbor set at such an angle in resitect to the 

axis of the gear blank that the 
helix of the hob is tangent to the 
sides of the gear teeth it generates 
as It passes across tne face oi the 
gear blank, the wails of the path 
it cuts as it advances, or, if the 
gear blank is fed across the hob. 
as the gear blank advances, being 
the sides of these teeth. Hence, 
- , the normal profile of the generated 

JtiG. 119. — He bhing spur gear. . 

tooth IS that oi a conjugate gear 

of a basic rack baling teeth conforming in ci'oss section to the 

normal projection of the cutting edges of the hob. 

In the involute system of gearing, the normal projection of 
the cutting edges of the generating hob is similar in outline to a 
cross section of the basic involute rack tooth ttith its inclined, 
straight-line profiles. Consequently, the teeth of any gear 
generated by a hob having such straight and iuclined cutting edges 
are conjugate teeth of an involute rack and all gears thus gener- 
ated ■v^'ili engage and mate vfith this particular rack. 

In this process of bobbing gear teeth, the quality of the 
generated gear and the accuracy of its tooth profiles depend, 
naturalh', upon the quality and accuracy of the tools employed, 
as well as upon the skill of the maclimist in setting up the work. 
Both the accuracy of the bobbing maebine and the accuracy 
oi the cutting hob play important parts, for any lack of precision 
in conceniricitj' and alignment of machine parts, errors in timing 
or the least disturbance to the essentially sensitive synchronism 
required between rotating speeds and rates of feed, insufiicient 
ngiditj^ in the support of the gear blanks and tfibrations of any 
kind, are deirimenTai to securing a satisfactort' gear-tooth profile. 

Hobbing machines with vertical work spindles, with the hob 
traveling, are favored for the production of large gears, as the 
macnine construction usually affords better opportunities of 
firmly clamping the gear blank in place and there is somewhat 
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les.- tendency of the setting being disturbed under the heavv 
cutting stresses. For small vrork, either a vertical or a horizontal 
v.'ork arbor machine is satisfactory and frequentlv a number of 
small gears, mounted on the same arbor, can be cut in multiple. 
The passage across the face of the gear blank can be effected 
v.ith horizontal arbor machines, either by having the hob travel 
or the gear blank, both methods being successfully employed. 

The accurate setting of the generating hob is also a detail of 
much concern, as the hob is usually set at an angle to the gear 
blank that corresponds to the helix angle of the hob at its pitch 
line. If the axis of the hob vrere set at right angles to the axis 
of the gear blank, an axial section of its thread would correspond 
to the normal outline of the basic rack tooth. Therefore, tvhen 
the hob is obliquely mounted, the angle of the hob tooth and the 
lead of the hob have to be altered accordingly. Equations for 
the determination of the required hob-tooth angle (the normal 
inclination of the straight-tooth profile of the hob) and of the 
lead of the hob are 


tan VHT 


tan VP 
cos VHS 


LH = 


n X CP 
cos VHS 


( 117 ; 

( 118 ) 


where VP = angle of sides of basic rack tooth (pressure angle). 

VHS = angle at which hob is set. 

VHT = angle of sides of hob tooth. 

LH = lead of hob. 

CP = circular pitch. 

While this angular setting of the hob does not affect the 
accuracy of the involute-profile curvature of the generated gear 
teeth, it does have an influence upon the height of the fillet at 
the root of the hobbed gear teeth, which if too high leads to so 
termed '"'edge contact''’ at the beginning of tooth engagement, 
interference which is often responsible for noisy and troublesome 
gearing. Consequently, there is a definite limit to the per- 
missible angular setting of the hob, vrhich varies not only with 
the number of teeth in a gear, being a minimum in the case of a 
rack, but also wdth the tooth proportions. In practice, this 
limit is ordinarily determined empirically, as the correction of the 
interference necessitates either the use of a hob of lesser lead or the 
trimming of the gear teeth. 
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The advisable cutting speed of the hob is another of the 
questions that can best be ansvvered by experience. It depends 
to a large extent upon the physicai characteristics of the gear 
material cut. and those of the hob. and should be somewhat less 
than the cutting speed of an ordinary milling cutter under 
similar conditions. A suitable speed once established, the 
problem then becomes one of selecting the most economical hob 
diameter for the job, an important cjiie-stion,. for the smaller the 
diameter of the hob the more revolutions the hob has to make to 
attain the required cutting speed and. as the speed relationship 
between the rotary speed of the hob and of the gear blank is 
fixed, the higher is the rate of production. On the other hand, 
the smaller the diameter of the hob. the fewer, as a rule, are its 
cutting edges and nutes and the finer has to be its feed for a 
satisfactory cutting of the metal, requirements which tend to 
slow up production and impose greater importance upon the 
accuracy of the hob’s proportions. 

These and other similar requirements that have to do 
more vrith the machine and generating tools, hov.- the production 
equipment is used and its limitations, than with gear design, 
apply generally to the bobbing of teeth for all varieties of 
gears, that can be so generated, including the cutting of worm 
gears. In bobbing this latter variety of gear, however, there is no 
cross-feeding between the hob and the gear blank, simply the 
svmchronized rotation of the cutter and the work. 


PLANING GEAR TEETH 

Wiiile the planing of gear teeth vdth a form tool corresponding 
in form to the tooth space between the teeth, or with a plain tool 
that is guided by a template conforming in outline to the shape 
of the tooth space are methods which, like the milling of gear 
teeth bj" formed cutters, are now relegated to the production of a 
few individual gears intended for relatively slow-speed operation 
or to the production of gears of abnormal proportions, the genera- 
tion of gears bt" a planing process is an approved method of 
production in commercial practice. Two general methods of 
planing generation are in common use, one in which the gear 
teeth are cut in a shaper by a rotating pinion-type cutter with 
cutting edges accurately generated to involute form and the 
other in which the planing tool takes the form of a section of the 
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shcrpecf 
cufrina focJ 


basic involute rack and iollows the rotation of the gear blank as 
the tool planes out the tooth spaces. 

In tne method erjipioj’ing a pinion-.sliapeQ cutter, the gear 
blank, firmly mounted on the work arbor of a gear siianer. slowlv 
revolves, as the pinion cutter, mounted on the reciprocating ram 
of the machine and rotating at a 
sjTichronized speed conforming to 
the ratio existing between the num- 
ber of teeth to be cut in the gear 
blank and the number of cutting 
teeth on the pinion tool, planes out 
the gear teeth. In action, the 
operation is similar to that which 1 

would occur if an involute pinion 
of the size of the cutter ran vdth _ 
a mating gear of the size of the 
one generated. The teeth of the 

pinion-shaped cutting tool being accurately generated to invo- 
lute form, the teeth cut in the gear blank are of conjugate form 
to the teeth on the cutter and to those of the basic involute rack 



to which the pmion cutter is, in effect, a conjugate gear. 

As in the hobbing process of gear-tooth generation, the accuracy 
of the product is dependent, to a large extent, upon the quality 
of the machine and tool, and the care with which the various 
settings are made and maintained. The pinion cutter, especially, 
must be accurately proportioned and not only must the profiles 
of its cutting teeth be accurately generated to involute form, but. 
its teeth must be relieved in a manner that v%ill assure a retention 


of the proper cutting-edge profile after a reasonable number of 
dressings. 

Naturally, there is a practical limit to the size, or diameter, 
of the pillion cutter, so that cutters with only a few coarse teeth 
cannot be produced with full-involute profiles, the flanks of the 
cutting teeth extending inside the base circle of even the 20-deg. 
stub-tooth sj’stem, which is that generally employed for gearing 
generated b 3 »^ this pinion-cutter method. 'When this occurs, the 
flank of t'he cutter teeth inside the base circle is usually made with 
straight-line profiles that are substantiallj’ radial in dmection. 
The effect of this necessary modification in profile of the cutter 
teeth is to increase the height of the fillet at the root of the 
generated gear teeth and to modify to some extent the curvature 
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of the tips of the generated teeth, changing them from an involute 
TO a cycloidal form. 

An increase in the pressure angle could be resorted to, to 
decrease the amount of modification in the involute curvature 
at the tips of the generated teeth, but ihis would also have the 
effect of increasing the height of the filler at ihe root of rhe teeth, 
making it necessary to inci-ease the amount of clearance pro’t'ided 
for gear teeih of standard proportions. However, the limitation 
thus placed on this method of gear-tooth generation by the 
practical considerations which hold down the diameter of the 
pinion cutter in commercial practice is not so serious as it might 
be, for the smallness of the standard pinion cutters confines the 
use of the method to the production of gears of relatively fine 
pitch and small diameter, the larger gear units being almost 
always cut by the other method of planing generation. 

PLANING GEAR TEETH WITH RACK-SHAPED CUTTER 

Tliis Other method of planing, or shaping, gear teeth makes 
use of a machine with a reciprocating ram carrtdng a planing 
tool in the form of a section of an involute rack and a vertical 

work spindle, on the horizontal 
bed of which the gear blank is 
firmly clamped. Between the 
cutting sirokes of ihe rack tooth, 
the gear blank is made to re- 
volve and at the same time move 
sideways a short distance across 
the path of the reciprocating 
tool, exacth' as a gear of the same 
pitch diameter "would roll over 
a stationary rack. When this 
advance, the combination of the 
rolling and linear motions, of the gear blank amounts to a distance 
equal to the linear pitch of the rack tooth, the gear blank is 
automatically reiiirned, "v^dthout rotary motion, to its starting 
TJoint and the same cycle of oiDerations continues until all the 
teeth in the blank have been cut. In this manner, the successive 
teeih in the gear are all generated by the same fe"w rack-tool 
cutting teeth. 

The suriace of the gear tooth generated bj^ the reciprocating 
rack-form cutter consists, obviously, of a series of narrow, flat 



Fig. 121. — Generating gear "w-itb 
rack-shaped cuiting too!. 
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siiriiices 0xt6riciiiig iicross ili 6 ia.c0 oi iii0 2;0ar, bpiiis in tliis 
^0^^p0C•t iilriio.st id0iiiical th0 looih :?unaf0 sr0ii0r;iT0d nv liic 
piiiion-.sliap0d cutr0r.s. Ho\v0ver, Ijy rnakiiiii us0 of a .suificieritly 
fine i0ed iii ihe rotation oi the gear blank, tviih either laeihud of 
generating gears by the action of reciprocating tools., the ridges 
at the intersections oi the flat planed surfaces break down and 
burnish raptdpv’ to a smooth continuous surface when the gears 
are operated under load, either in service or as a final burnishing 
operation. 

Tlie largest, as well as smaller, gears are produced hy this 
rack-cutter method and the gearing, being generated by full- 
involute cutter teeth, is tree ironi the liniitaiions imposed bv 
high fillets and bj' the modifications in tooth-profile curvature 
common to gearing produced by other methods of gear-tooth 
generation. From the point of view of producihitt', the rack- 
Tooih planer is capable of generating the greatest number of 
large gears in a given time, but in the generation of small and 
medium-sized gears more rapid production can be made by the 
gear liobber. 


GRINDING GEAR TEETH 

The grinding of gear teeth, heretofore employed simply for 
the truing up of the profiles of the teeth of hardened gears that 
have been distorted bx’- the heat treatment to which they vcere 
subjected, can be made a valuable process in the production of 
quality gearing, as an operation for overcoming a large part of the 
limitations inlierent in, and imposed by, other methods of gear- 
tooth generation. This wfll entail grinding by a generation 
process, in preference to form grinding, although both these 
methods have been applied with considerable success in truing-up 
service. 

Form grinding difiers from the form milling of gear teeth only 
in that a formed grinding wheel is used in place of a milling cutter 
and is subject to much the same limitations, though to a some- 
what lesser degree, since the accuracy of the grinding surfaces of 
the wheel is customarily maintained by a truing detice under the 
control of carefully proportioned templates of enlarged size. 
Nevertheless, a particular grinding wheel and guide template 
should be employed for each particular size and pitch of gear, 
if true involute tooth profiles are desired. 
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Grinding by a generation process., on the other hand, makes 
use of the hat edge of a comparativeiy large, usually disk-shaped 
grinding wheel that is made to follow, at a high speed of revo- 
lution. the rotation of the gear, much in the same manner that 
the rack-shaped cutter follows the rotation of the gear blank in 
the planing generation of gear teeth, to which process, grinding 
generation may well be likened. The sliglitlj^ dattened edge of 
the grinding wheel, the gmiding surface used in preference to a 
flat side surface, though the latter is also used successfully, corre- 
sponds to a short section of the fiat profile of the rack tool in the 
planing process and is fed rapidly back and lortn across the face 


rindina 
wheel '' 


Fig. 122. — Grinding Fig. 123. — .-tutomatic adjustment for 

gear teetli by generating wear on grinder wheels, 

process. 

of the gear teeth as the gear is rotated on its axis. Hence, the 
resulting ground tooth profile is controlled by and is conjugate to 
the profile of a tooth of full-involute form. 

The ground gear tooth generated by this process is of correct 
involute profile over the entire section outside the base circle and. 
consequently, requires no modifications to avoid interference 
occasioned by liigh fillets and alterations in the profile curvature 
at the tips of the gear teeth. Therefore, if this guidmg disk 
process is applied to gear teeth vith these blemishes in profile 
curvature, it will, if the teeth are left somewhat full or oversize, 
overcome much of the Ihnitation imposed by these defects. 
The result of this correction is to broaden materially the range of 
gearing that can be produced by generating methods in w'hich 
the introduction of these profile errors is inherent. 

For the successful application of disk-grinding generation, 
it is essential that the grmding edge of the abrasive wheel be 
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maintained continuously in a plant? tangent to the true involute 
curvature of the gear teeth. This is accomplished quite success- 
fully. tvhere a saucer-shaped grinding ivlicel is emnloved, I'y an 
ingenious truing device, consisting of a flat-faced dressing diamond 
carried on the short arm of a lever and heid in such manner 
that when the lever is in its normal position the diamond just 
clears the edge of the grinding wheel fsee Fig. 123). Every few 
seconds, this lever aiitoniatically stwings forward niiiil the flat 
surface oi the diamond touches the edge of the grinding wheel 
and, incident ally, dresses it. If any grinding wheel wear has 
occurred, so that the lever sitings beyond its zero position, con- 
nection is made v.ith a control pawl that causes a fine feed screw 
to draw in and reset the wheel iiitli its grinding edge in the 
required tangent plane. If there has been no recession of the 
grinding edge, i.e., no wear, the connection is not made with the 
control pav.i and the position of the grinding wheel remains 
unaltered. 

The granular structure of the grinding wheels should be as 
fine as grinding requii'enients permit, else the scratches made on 
the delicate profi.ie surfaces of the teeth will be productive of a 
distinctive and objectionable noise at high pitch-line velocities 
and, what is more serious, there will be a reduction in the load- 
carrying capacity of the gear teeth. With a fine abrasive, the 
scratches are not deep and ivill disappear as the profile surfaces 
of the teeth become highly burnished in operation under load; 
ground gears that were at first objectionably noisy, frequently 
becoming comparatively silent and more efficient ^^■ith relatively 
short operating sertdce. 

LAPPING GEAR TEETH 

When hardened gear teeth have been machined with a high 
degree of precision, they pan frequently be finished to advantage 
by a lapping process. The gears are simply run under load with 
an abrasive introduced between the teeth v.ith the lubricant, 
but, as the amount of sliding between well-proportioned gear 
teeth is quite limited, the process is realh^ only suitable when the 
profile irregularities are relatively trivial. Even under such 
conditions and when the teeth are well proportioned, the abrasive 
to function effectively has to be rubbed over the entire surface to 
be lapped and this entails a wider distribution of the lapping 
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material ilian can be effected by the limited sliding action between 
well-proportioiied gear teeth. 

Unless the abrasive material is well distributed, in fact, the 
lapping process is apt to be restricted largely to a grinding and 
crushing of the abrasive with little polishing or lapping of the 
gear-tooth profiles, for not only is the normal sliding action 
between meshing gear teeth insufficient in amount, but it is 
not uniform enough for effective lapping action. To secure 
more sliding and so effect a better distribution of the abrasive, 
hardened gears are sometimes run with softer gears of 
considerably wider face, with a combination of rotating and 
transverse-sliding motions. The gears are rotated together 
slowly and at the same time the hardened gear is made to slide 
rapidly back and forth across the face of the vide, softer gear. 

Another approved method of lapping is to mount several of the 
hardened gears on an arbor and mesh them with a vide rack of 
basic rack-tooth form. The gears are rolled back and forth 
along the rack, under imesstire, while they are made to slide 
across the broad face of the lap. Still another method is to 
employ a lap in the form of a vide-face internal gear, reciprocat- 
ing the hardened gears through the internal gear, indexing the 
gears at the end of each stroke to distribute the lapping as much 
as possible. As when grinding gear teeth, the granular structure 
of the lappmg abrasive must be fine, to avoid scratching the 
delicate profile surfaces of the gear teeth, else the gearing is apt 
to develop objectionable noise in operation. 

The elimination, so far as possible of noise at high pitch-line 
velocities is now recognized as the final test in gaging the quality 
of gearing, indicating as it does that the gear teeth are correctly 
formed and that the profile surfaces of the meshing teeth are 
smooth and highly polished. This combination is essential for 
modern high-speed gearing and of the two requirements that 
of accurate and definite tooth form is the more important, since, 
if the general profile curvatures of the meshing teeth are correct, 
any minor surface irregularities that are productive of noise can 
be best ironed out by the cold- working of the gear-tooth profile 
surfaces that occurs in service when the gearing is run under load. 

Efforts to secure silent-running gears by arbitrary modifica- 
tions of the tooth profiles cut by the generating machine, other 
than those which may be needed to overcome inherent limitations 
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MATERIALS AND HEAT TREATMENT 


Some lamiliariiy wiih the materials used in the manufacture 
of gears and of the heat treatments to which the gears and gear 
blanks may be subjected is required by the gear designer as well 
as by the machinist. The designer is responsible not only for 
the proportioning, appearance and general design of the finished 
gearing, but he is accountable for the suitaoility of the gear 


blanks with which the machinist is provided. He can onlv nlan 


successfully w 
creations are 


'hen he has knowledge o; the materials, in which 
to be reproduced, the physical characteristics 



of 


these materials and their limitations, whether his designs are 
to be made in the form of castings or forgings, and the provisions 
he should make to lacilitate production processes. For the 
machinist, information concerning the materials with which he 
has to work is required to enable him to use his tools to the best 


advantage. 

The arduous duty gearing performs, frequently under decidedly 
unfavorable working conditions, and the fact that the gears are 
expected to withstand strains and shocks that would quickly 
WTeck other forms of mechanisms make the selection of gear 


materials an exacting responsibility, especially when high 
pitch-line velocities are entailed, or are to be anticipated, and 
hea^y tooth loads carried. So rapidly have the service demands 
on gearing increased, moreover, that the quality of the materials 
used for gears has had to be much improved to avoid undue 
mcrease in weight and bulk of the gears and to prevent their 
cost becoming prohibitive. 


HEAT-TREATED STEELS 

The quality of the steel used in gears has been raised by the 
addition of alloying materials and by the heat treatment of the 
better grades of carbon steel. The alloy steels are, naturally, 
the more expensive, require heat treatments, and are more 
difficult to machine, but, wffien space limitations are exacting 
and tooth loads and pitch-line velocities are high, their use is 
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frequently advisable and at linie- e'>t/iiTial, deviate thp added 
cost in the manuiacture ox liie ^ea!>. 

The heat treating of carbon steel iv hot ..nlv le-s exnen-ive, 
but gears made irom me resuiting iriatenals are ouiie laiiiabif* 
of meeting all usually imposed requireiueiiis. This lieai treaiinc. 
performed alter the main machining processes on the sear.- have 
been consummateQ, consists, nroadly snc^aivinc. of heating the 
steel products to a relatively high temperature and then aiiench- 
iiig tiieni in a bath oi water, oii, brine, or otiier solution, differeiit 
results being secured with the various {|uenches. The grade 
of steel treated is naturally a matter of concern, and this question 
has been carefully investigated by the A.G.M.A.. the recom- 
mendations of which bodj^ for rolled and forged carljini steels 
suitable for heat treatment, as well as for carbon steels well 
adapted for the manufacture of untreated .steel gears, lieing listed 
in Table 32. 

T.\3ls 32. — Forged axd Rolled Carbox Steel for Gears 
Chemical composition, per cent 

Use ^ 

Car’oon ; Manganese Phosphorus .Sulphur 


Case-ha.rdeaed 0.15-0.25 0.40-11. GO 0.045 max. 0.05 max. 

... , i .25— .50 .50— .SO .Oioniax. .05 max. 

j .JO- .50 .40- .00 .045 .05 

Hardened .40- .50 .40- .60 .045 max. .05 max. 


Case-hardened gears are well suited for hist allai ions where the 
gears must transmit a uniformly high torque without .sudden 
shocks, and for services where the wear-resLsting quality of the 
gear teeth is the outstanding requirement. This process of 
case-hardening, which gives a hard-suriace shell, while leaving the 
inner metal, or core, coninaratively sort, coinsisis oi packing 
the steel gears with some carbonaceous material in a POt, sealing 
the pot and heating the charge in a furnace to a temperature oi 
from 1600 to 1650°F. As the pot is brought to heat, the carbon- 
aceous material gives off gas wliicli penetrates the steel increasing 
its carbon content, the depth of penetration, or case, depending 
upon the length of time the heat is maintained. Following this 
carburizing step, the gears are quenched and then drawn at a 
temperature of between 250 and 500°. 






STANDARD GEAR BOOK 


19S 

For high-grade gears, iz is advisable to precede the carburizing 
process by a normalizing heat at a temperature of betveen 1650 
and 1750". to improve the structure of the metal by relieving 
internal stresses and to reduce the liability of distortion as a 
result of subsequent heat treatment. Also, a treatment of 
heating the gear blanks of steel recommended for untreated steel 
gears to a temperature of 1575 or 1675", quenching them in water 
and then drawing them to the required hardness before cutting 
the gear will frequently improve the machining qualities of that 
grade of carbon steel. 

If the case-hardening of a steel of the first grade listed in Table 
32 is simply to secure a hard-surfaced gear tooth, one reheat to a 
temperature slightly below that of the first carburizing heat and a 
second quench in advance of the draw usually gives satisfactory 
results, but, if the maxunum refinement in both case and core, 
with a minimum of distortion, is desired, a second reheat and a 
third quench before the draw is customary. Each of these 
reheats should be to a temperature 50 or 100® below that of the 
preceding heat. Case-hardening of this order will increase the 
surface hardness of the gear teeth about four times, with the core 
becoming tougher but little harder than before the treatment. 

Wlieii the load to be transmitted by ihe gearing is variable, 
and the gears are liable to be subjected to severe shocks, case- 
hardened gears, despite their high wear-resisting qualities, are 
not entireh' satisfactory, for the case with its high-carbon content 
is caiite brittle and apt to fail. Under these circumstances, it 
extreme hardness can be sacrificed for high ductility, an oil 
treatment, in which the gear is simply heated to slightly above 
the critical temperature of the steel, quenched in oil, reheated 
and drawn back to relieve the stresses set up by rapid cooling, 
gives good results and is an inexpensive process. The steel is 
made stronger, tougher and about 75 per cent harder than the 
untreated steel stock. 

T^Tiere a tough-hard gear is required, however, a steel of higher 
carbon content should be used, such as that listed last in Table 
32, subjected to a heat of 1400 to 1450®, quenched in oil and then 
drawn to the required hardness. The tensile strength of the 
treated steel, wltich is exceedingly tough, will run about 250,000 
lb. per sciuare inch at the surface of the gear tooth, where it is 
only slightly less hard than high-grade case-hardened steel- 
grading down to about 125,000 lb. per square inch at the center 
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oi ih6 tooTii. It IS not Quito “giass hurci. lor it cuu l>o fiiod, iiut 
it is almost impossible to riiachine the outer surface of tlie 
treated steel. 

A treatment similar to the one outlined for Tougii-hard-loraed 
steel is well suited for gears cast from steel made by open hearth, 
crucible, or electric-furnace processes, the chemical composition 
of whicfi, as recommended by the A.G.M.A., is listed in Table 33. 
Suitable steels, whether forged or cast, -when lieat treated in thi.s 
manner acquire properties which make the gears well suited for all 
kinds of severe service. The high s'urface strength is where the 
stresses on the gear teeth are the heaviest and the decline in 
strength where the stresses are balanced about the neutral axis of 
the teeth. 


T.cbls 33. — A.G.M.A. Staxdards for .Stesl Castin'!;;? 
I Chemical composixion. per cemt 


Use ..T Phosplior!.is 

I _ , Manga- ^ 

! Caroon . .Sulphur 

• Acid Basie 


Tase-hardened .... 0 . 15-0 . 25 Q . 40-0 . GO; 0 . 06 ma.^. 0 . 05 max. 0 . 6 max. 
Tntreated or har- 
dened .30— .40 .40— .60, .06 max. .05 max. .6 max. 


In the heat treatment of the several varieties and grades of 
alloy steels used in the manufacture of gears to meet especialh' 
exacting working conditions, a prelimmary normalizing process 
at a temperature slightly above that of the heat treatment -4x111 
in all cases prove des-Irable, improting the structure of the steels 
and guarding against distortion caused by the subsequent heating 
and Quenching processes. In the treatment of some of these 
alloy steels, in which the carbon content is low. such as in grades 
of nickel, nickel-chromium, chromium, and chronihiin-vanadium 
steels suitable for the manufacture of gears, carburizing processes 
are entailed, while in others hi which the hardening carbon 
content is adequate, such as in suitable grades of molybdenum 
and silicomanganese steels, simply a hardening, i.e., heat, quench, 
and draw-to-required-hardness treatment is needed. ith these 
alloy steels, virtualli' any degree and combination oi required 
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physical charact eristics for wear-resisiing qiiaiiTies. tooth strength, 
etc., can be secured. 

HEAT TREATMENTS OF ALLOYED GEAR STEELS 
Nickel Steels 

S.A.E. Steel 2315. 


GEEMICAL C01IP03IT10X, PEH CENT 

Carbon 0.10-0.20 Nickel .3.25-3.7.5 

Manganese 0.30-0.60 ba.sic open hearth 0.15-0.30 

Phosphorus 0.04 ma.x. Silicon electric and. acid open 

Sulphur 0.05 max. hearth 0.15 min. 


KEaT TP.EATMENT 

(1) Normalize at 1 6-50-1 75Q“F. 

(2) Carburize at 1 600-1 650'F. 

(3) Quench from box in oil. 

(4) Reheat to 1500— 1550'F. 

(5; Quench in oil. 

(6.i Reheat to 1350-1 4Q0*F. 

(7) Quench. 

(8) Draw at 2.50-500'F. 


S.A.E. Steel 2320. 


Carbon 

Manganese 

Phosphorus 


CHE.MICAL COMPOSITION, PEP. CENT 

0 . 1 -5-0 . 25 Nickel 3.25-3.75 

0 . 30-0 . 60 ^ basic open hearth 0 . 1-5-0 . 30 

0.04 max. Silicon < electric and acid onen 

0.05 max. / hearth 0.15 min. 


HEAT treatment 

(1) Normalize at 1650-1750"F. 

(2) Carburize at 1600-i650"F. 

(3) Quench from box in oil. 

(4) Reheat to 1500-1550T. 

(5) Quench in oil. 

(6) Reheat to 1350— 1400'F. 

(7) Quench. 

(S) Draw at 250— 500T. 


S.A.E. Steel 2350 (For gears of large section). 

chemical composition, per cent 


Carbon 0.45-0.55 

Manganese 0.50-0. SO 

Phosphorus 0.04 max. 

Sulphur 0.05 max. 


Nickel 3 . 25-3 . 75 

phasic open heanh. .... 0.15—0.-30 
Silicon-: electric and acid open 

/ hearth 0.15 min. 
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heat iEEATME.VT 
1; Xorrnaiize :ii ICOO-lGoO'F. 

■2 - Reheat to 1375-1 425 "F. 

3 : Cool in furnuce 
4; iMaehine. 

5 = Reheat to 1400-14o0^F. 

6 ; Oneiich in oil. 

7 Draw to required hardness. 


X ICKEL-CHROMIUil StEELS 

S.A.E. Steel 3115. 


CHEMIC.AL 

Carbon Q. 10-0.20 

Manganese 0 . 3Ct-0 . 60 

Phosphorus 0.04 max. 

Sulphur 0.05 :uax. 


Composition’, per cent 

1 . 00-1 50 

C liroiaiuni q 45-0 . 7,5 

basic open hearth 0.15-0.30 

Silicon, electric auG. acid open 

hearth 0 15 min. 


HE-AT tre.xtment 
;l.r Xormalize at 1G50-1750'F. 

;2; Carburize at 1 625-1 67o”F. 

(3; Cool in box. 

i4i Reheat to 1400-1450=F. 

(.5) Quench. 

to) Draw at 250-500"F. 

S.A.E. Steel 3215. 


CHEMICAL COMPOSITION, PER CENT 


Carbon 0.1 0-0 . 20 

Manganese 0 . 30-0 . 60 

Phosphorus 0.04 max. 

Sulphur 0 . 045 max. 


^'ickel 1.50-2.00 

Chroruium 0 . 90-1 . 25 

basic open hearth 0.15-0.30 

Silicon electric and acid open 

hearth O.ioinin. 


ES.AT tre.atment 
(1; Xormalize at 1650-i7o0'P. 

(2) Carburize at 1625-1675T. 

(3) Cool in box. 

(4; Reheat to i375-1425=F 
(5} Quench in oil. 

(6i Draw at 250-50Q'F. 

S.A.E. Steel 3250. 


CHEMIC-AL COMPOSITION, PER CENT 


Carbon 0.45-0.55 

Manganese 0.30-0.60 

Phosphorus 0.04 max . 

Sulphur 0 . 04-5 max. 


Xickei 1.50-2.00 

Chromium 0 . 90-1 . 25 

^ basic open hearth 0.1 5-0 . 30 

Silicons’ electric and acid open 

/ hearth 0.15 min. 
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S.A.E. Steel 3335. 


CH2MIC.\I. COMPOSITIOX. PER CEN'T 


Carbon 0.30-0.40 

Manganese 0.30-0.60 

Phosphorus 0.04 max. 

Sulnhur 0 . 045 max. 


Nickel 3.25-3.75 

Chromium 1.25-1.75 

^ basic open hearth 0.1 5-0 . 30 

Silicon^ electric and acid open 

/ hearth 0.15 min. 


(li Normalize at 1600— ITOQ'F. 
(2; Reheat to 1200-1250‘F. 

(3. Cool slowly in furnace. 

(4: Machine. 


i5. Reheat to 1425-1475"F. 
i_6 Quench in oil. 

(7; Drav,' to required hardness. 


THE.^TMEXT 


S.A.E. Steel 3415. 


Carbon 

Manganese ,. 

Phosphorus 

Sulphur 


CHEMIC-i-L COMPOSITION, PER CENT 

0 . 1 0-0 . 20 Nickel 2 . 75-3 . 25 

0 . 30-0 . 60 Chromium 0 . 60-0 . 95 

0.04 max. phasic open hearth. . . 0.15-0.30 

0.045 max. Silicon •( electric and acid open 

( hearth. 0.15 min. 


(1; 

Normalize at 

16-50-1 750 "F. 

(2) 

Carburize at 

1600-1 6-50 T. 

(3: 

Cool in box. 


U) 

Reheat to 14 

00 — i 4o0^F- 


Quench in oil 


(6.' 

Draw at 250- 

-500 T. 


S.A.E. Steel 3450. 


L/arOon .... 
Manganese . 
Phosphorus 
Sulphur. . . . 


CHEMIC.tL COMPOSITION, 


PER GENT 


... 0 . 4-5-<D . 55 
, ... 0.30-0.60 
. . . 0.04 max. 
... 0 . 045 max. 


N icKel 2 i o — 3 . 2o 

Chromium 0 60-0.95 

^ basic open hearth 0 . 15-0 . 30 

Silicon-: eiectric and acid open 

/ hearth 0.15 min. 


EE.^T TREATMENT 

(1; Normalize at 1550-1650 T. 

(2 } Reheat tq 1250-130Q=^F. 

(3) Cool slowly in furnace. 

[4, Machine. ' 

(5; Reheat to 1400-1450=F. 

(5; Quench in oil. 

(7} Draw to required hardness. 
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MoL'i'EDENTM -StEEL^ 


S.A.E. Steel 4616. 



CHEMICAL 

COMPOSITIuN. per CEN't 


Carbon 

. .. 0.10-0.20 

Nickel 

. 1.50-2 i M'i 

Manganese. . . . 

. .. 0.30-0.60 

Molybdoiilini 

. n 2iJ-<i 30 

Phosphorus . . . . 

. . . 0.04 max. 

^Pa-ic fiTjeii heurth . . 

. 0.1. 5-0.. 30 

Sulphur 

. . . 0.05 max. 

Silicon-; eiecTric and acid one: 

ll 



(l3 Normalize at 1650— 1750'F. 
^2; Carburize ar 1625— 167o“F. 
1,3} Cool in box. 

^4; Reheat to 1475-1525~F. 
i.oi Quench 

[6} Draw at 25Q-50GT. 


S.A.E. Steel 5120. 


Chromium .Steels 


CHEMICAL COMPOSITION-. PER CENT 

Carbon 0.1 5-0 . 25 Chromium 

Manganese 0.30-0.60 ^ basic open heanh 

Phosphorus 0.04 max. Silicon', electric and acid open 

Sulphur 0.05 max. ( hearth 

HEAT TRE.cTMENT 


ill) Normalize at 1600-1 700 'F. 
(2; Carburize at 16o0-1700-F. 

(3) Cool in box. 

(4) Reheat to 152.5— 1575'F. 

(5) Quench. 

(.6) Drav.’ at 250 -q00-F. 


0.60-0.90 

0.15-0.30 


0.15 min. 


Chromium-vanadium Steels 


S.A.E. Steel 6120. 


CHEMICAL COMPOSITION'. PER CENT 

Carbon 0.1 5—0 . 25 Chromium 0 . SO— 1 . 1 0 

Manganese 0.30—0.60 anaciium . . 0. 15 lUin.-O. IS mm. desired 

Phosphorus 0,04 max. phasic open aearth O.lo— O.oO 

Sulphur 0.045 max. Silicons; electric and acid open 

/ hearth 0.15 min. 


heat TREATMENT 

(1) Normalize at 16.50-r750-F. 

(2) Carburize at 16-50— 1700"F. 

{3; Cool in box. 

145 Reheat to 1525— 1575"F. 

(5) Quench. 

(6) Dra-tv to 250-500'F. 
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S.A.E. Steel 6150. 

CHSillCAI, COMP03ITIOX. PSK CZXT 

Carbon 0.45-0.55 Chromium O.SO-l.lQ 

Manganese Q.oQ— O.SO Vanadiuni. . 0. 15 min.— 0. 18 min. desired 

Phosphorus 0 . Q45 max. basic open hearrh 0.1 5-0 . 30 

Sulphur 0.05 max. Silicon electric and acid open 

nearth 0.15 min. 


EE.i.T TRE.^TMZXT 

(1) Xormaliae at 1650-1750*F. 

(2 . Reheat to 1250— 1350"F. 

(3) Cool slourij*. 

(4; Machine. 

(5; Reheat to 1525-1 625"F. 

(6; Quench in oil. 

(7j Dravr to required hardness. 

SiniCOM.XXG.A.XESE Steex.5 


S.A.E. Steel 9260. 


Carbon 

Manganese . 
Phosphorus 
Sulphur 


CEEMIC-^L COMP05ITIOX. PEP. CEXT 

0 . 55-0 . 6 5 Silicon 1 . 80-2 . 20 

0.60-0.90 basic open hearth 0.15-0.30 

0 . 045 ma.x. .Silicon electric and acid open 

0.05 max. hearth 0.15 min. 


EEltT TREATilEXT 

(1, Normalize at 1650-1 750"F. 

(.2; Reheat to i400-14o0=F. 

(3) Cool siowly. 

(4; Machine. 

(5) Reheat to 1600-i650T. 

(6; Quench in oil. 

(7) Draw to required hardness or tests. 


BRONZE AND BRASS CASTINGS FOR GEARS 

For spur and bevel gears, ihe recommendation of the A.G.M.A 
for hard-cast bronze is a mixture of 


Per Cent 


Copper 86— S9 

Tin 9-11 

Zine 1- 3 

Lead (max.) ■ 0.20 

Iron (max.) 0.06 


Good castings made from this quality bronze have a minimum 
ultimate tensile strength of 30,000 lb. per square inch, a minimum 
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\"ielci poiiii of iOjOOO lO. p 0 r spuarB inch, and an Bloixgatioii in 
2 in. of approximately 14 per cent. 


For bronze Tvorm gears, the same auTiiority recommends 
quality grades of either a phosphor-bronze or a leaded gun metal, 
both of which alloys are well adapted to chilling for hardness and 
refinement of grain, especiaih’ the phosphor-bronze which i.s also 


especially suitable for use with vrorms of great hardness and 
accuracy of tliread. The leaded gun metal is more suitable for 
use tsith unhardened worms. Good castings of these aHoy.s 
should have minimum ultimate strengths of 35,000 lb. per square 
inch for the phosphor-bronze and 30,000 lb. for the leaded gun 
metal; a yield point for the phosphor-bronze of 15,000 lb. per 
square inch and for the leaded gun metal one of 12,000 lb.; and 
both should have an elongation in 2 in. of close to 10 per cent. 


Table 34. — A.G.M.A. Staxdasd Broxzes for 'Worm-gear Rims 



; Chemcial composition, per cent 

‘\*ariety 


PhosDnor-bronze .... 
Leaded, gun metai. . . 

i 1 

. .. SS-90 i iO-12 i 1-3 0.50 max. 

. ... S6-S9 9-11 0.25 max. 1-2.5 .50 max. 


The chemical compositions recommended by the A.G.M.A. 
for the bronze in the bushings for gears and for the brass in the 
fianges of composition pinions, together T\itli the minimum 
physical characteristics for good castings made from the respec- 
tive alloys, are given in Table 35. The grade of brass specified 
for the flanges of nonmetaliic pinions, a good cast red brass, is 
incidentally of sufficient strength and hardness to carry its share 
of the tooth load when the active face of the pinion encroaches 
upon or takes in the flanges, i.t., when the pinion leetli extend 
through the flanges and the total face width oi the pimon engages 
with the teeth of the meshing gear. 









SECTION XV 


MEASUREMENT OF GEAR TEETH 


The auiomatic nature oi the generating processes of gear 
production makes measuring the gear teeth in effect simply a 
calibration of the accuracy of the generating machine and of the 
precision in iorm oi its cutting tools. The precision in form of 
the aeneraxed gear tooth is, in other words, a measure of the 


accuracy oi the tools employed in its production, rather than a 
measure concerned with the degree of manual skill exercised 


in the operation, 
tooth form entails 


The reason for this is that any correction in 
some modification in the production tools, in 


their form or in the operal 
the machine: provided, ci 
proportioned and correctl 


iing precision of the component parts of 
■ course, that the gear blank is suitably 
.y mounted and secured upon the work 


arbor, or spindle. 


Skill and experience are needed for the efficient operation of a 
gear-generating machine, as they are for the operation of any 
machine tool, it is true, and care has to be exercised in making 


the reqiih'ed machhie adjustments and in avoidmg abuse of the 
machine; but, except for these fundamental and general require- 


ments, the gear cutter has little or no control over the accuracy of 
the gear teeth generated by the machine he operates. If the 
machine were perfect in all respects and its operation founded 
upon sound basic principles, it would, whei> run t\ith due regard 
to ordinary machine care, generate perfect gears and there would 


be little need for any measurements whatever. 

As the perfect gear-generating macliine has yet to be built, 
some critical inspection o: the gears produced is still necessary, 
but there is no need in commercial gear production of making 
more measurements than are needed to establish the facts either 


that the gears are satisfactory or that the existing errors are 
sufficiently pronounced to require suitable machine adjustment 
or modification. A few simple tests and the measurement of a 
few controlling dimensions only are required. 
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accuracy In the hndings of which is dependent upon both dimen- 
sions being noted at the one time. The corrected-addenduia 
setting of the instrument locates the plane on which the gear- 
tooth thickness is measured, and, unless both dimensions are 
correct, the gear is below standard requirements. In such a case, 
it really makes no dmerence whether the error lies in the thickness 
of the teeth or hi the pitch, or outer diameters, of the gear. 
Suitable corrections have to be made in any event. 

The circular-pitch thickness of the gear teeih. or the arc of 
the angle of tooth thickness, is equal to one-iialf the quotient of 
the pitch circumference divided by the number of teeth minus the 
amount of backlash provided, from which the angular measure 
of the tooth thickness is readily ascertained. With this measure 
known, the equations for the determination of the vernier settings 
for the chordal tooth thickness and corrected addendum, as 
indicated in Fig. 126, are respectively: 


CTT = 2PR X sin 


45 deg. X arc VTT 


l.olOSPR 


■119; 


G-4 = OR - PR X cos 


45 deg. X arc VTT \ 

l.oimPR ) ' 


Since, 


Arc VTT = 


3.1416 X 2PR 
2.Y 


BL 


3.1416Pi? 

-Y 


- BL 


arc YTT _ , 45 deg. X arc VTT 

Angle T TT = „ X 360 deg. = 


Angle 


D.2832PJ? 

VTT _ 45 deg. X arc YTT 
~Y~ ~ L5708P1 


0.7854PP 


where PPi. = pitch radius. 


BL = backlash. 

OR = outer radius. 

-Y = number of teeth. 


PIN MEASUKEMEKT OF SPUR GEARS 


Another method of checking the tooth thickness consists, in 
the case of spur gears, in placing pins, or rolls, in diametrically 
opposite tooth spaces, when the gears have an even number of 
teeth, or as nearly opposite tooth spaces as possible, when the 
gears have an odd number of teeth, and measuring the over-all 
distance over these pins. The diameter of the pins is somewhat 
greater than the chordal width of the tooth spaces on the pitch 
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Derail cf IssrPin 
!<- TP -H 


circle and, preferably, of such measurement that normal contact 
between the pins and the gear teeth is enected on the pitch-line 
elements of the gear teeth. By 
having the nins of this snecial 
size, the pitch circles of the gear 
are checked at the same time 3L=backicfsh 
and also the pressure angle at 
the critical pitch point on the 
gear teeth. In addition to 
this multiplicity of checking 
operations the computations 
involved are more obvious, and 
certain of the dimensions estab- 
lished are also entailed in taking 
other important measurements. 

This desirable diameter for 
the test pins is equal to the 
chordal tooth space on the pitch 
circle, including whatever Fig. 127. — ?in measurement of spur 
amount of backlash is provided, 

divided By the cosine of the angle between the tooth angle and 
the chord of the tooth space (formula 121), necessitating the 
determination of this full chordal tooth space, as follows. Refer- 
ring to Fig. 127 ; 



Arc VTS = 


3.1416Pi? 

A- 


+ BL 


where BL = amount of backlash. 

^ arc VTS . . , 45 deg, X arc VTS 

-ingie T 11 ^ X 360 deg. = o.78o4Pfl " 


Angle 


VTS 45 deg. X arc T'T^ 


CTS =2PRX sin 


1.5708PP 

45 deg. X arc VTS 


1.57QSPR 


where CTS = chordal tooth space. 

CTS 


TP = 


CO, 


■)siVP + 


VTS 


where TP = test-pin diameter: 
TT = pressure angle. 


( 121 ) 
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With the diameter of the test pin estabhshed, the over-all 
distance over the pins (see Fig. 127) is equal to the sum of the pin 
and pitch dia.meter 3 plus the difference betTveen spacing of the 
pins and the pitch diameter of the gear. Step by step, ihe 
derivations of the equations needed for determining this over-all 
dimension, when the sear nas an even nunioer oi teetn and when 
the number of teeth is odd. are 


VTS 


HA (height of chordal arc) = PR — PR cos — ^ = 


VTS 


PRl^l - cos - 


TPI fdistance from pin center to chordal planej = 


TP 


PTDe = PD A TP A 2(TPI - HA) 

PD = PTDe - TP - 2CTPI - HA) 
90 


X sin VP 
(122a) 


PTDo =^PDX cos ^ deg. - TP ^ 2{TPI - HA) 


PD = 


PTDo - TP - 2iTPI - HA) 


cos 


90 deg. 


:i22&) 


SPACING OF GEAR TEETH 

Errors in tooth spacing of generated gear teeth, if not occasioned 
by inaccuracies in the feeding and indexing mechanisms of the 
production machine and, hence, callmg for prompt machine 
inspection and adjustment , are usually attributable to inadequate 
and insecure support of the gear blank, i.e., to lack of necessary 
rigiditj' under the heavy stresses developed in cutting the gear 
teeth. A simple method of testing for these faults, wdiether 
occasioned machine inaccuracies or other failings, is to place 
pins in adjacent tooth spaces and measure the distance over the 
pins, repeating the operation until the spacing of all the teeth 
has been tested. Anj* variation in the findings indicates a spac- 
ing error of about the same amount. 

A number of excellent instruments for measuring the tooth 
spacing of gears with a high degree of accuracy are also avail- 
able, most of which operate on much the same principle, taking 
advantage of the fact that the normal pitch of consecutive 
tooth profiles of similar involute curvature is constant and 
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equal to ihe length of the arc of the ba?e cir 
secutive teeth (see Fig. 12Sj. 

In one variety of these instruments, an arm, v, 
in effect to a section of a mating rack or cear 


'cie between con- 

rliich corresponds 
lias two finger- 



Fig. 12S. — Unifomi-j- ia normal pitch of involutes. 

like projections, one nxed and the other adjustable, separated bv a 
distance conforming to the normal pitch between the profiles of 
consecutive teeth. In use, the fixed finger is held asaimst the 
face of one of the gear teeth by means of a t^-pe of latch, and the 
second finger, adjusted to the pitch of the 
gear, is rocked over into contact with the 
corresponding profile of the ne.vt tooth, in 
a manner similar to that of tooth engage- 
ment in meshing gears. The second finger 
IS mounted on springs and is connected 
with an indicator on the dial of which anv 



Latch— -■;^^Ai^^—Adiusracle fincsr 
' X' -—Fixed firaer 
Fig. 129. — Odoncmeter for measuring 
gear -tooth spacing. 



Fig. 130. — Roll-tj'pe 

gear-tooih tester. 


variation in the normal piich is registered. 

In another variety of instrument, a roll fits into a tooth 
space and acts as a pivot about which a test finger centers and 
is rocked into contact with the opposing profile of the next 
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tooth. The measuring test finger is also connected with an 
indicator, and any change in the normal distance between con- 
secutive tooth profiles is. registered on the dial of the instrument. 

PROFILE TESTING 

While uniformity in tooth spacing is essential for high-qualitv 
gears, the smooth, uniform transmission of motion and high 
mechanical efficiency required of modern gearing are also influ- 
enced to a marked extent by the accuracy in the curvature of 
the gear-tooth profiles. Gears with excellent tooth spacin 
and with teeth well proportioned so far as thickness on th 
pitch circle is concerned and precise in respect to alignment 
occasionally prove noisy and irregular in action, the usual 
explanation onered being that edge contact occurs as the mating 
teeth engage, i.e., at the beginning of ntesh. Unquestionably, 
something of this nature does occur, and considerable dependence 
is often placed on what is termed “easing of the profile of involute 
gear teeth,"’ in order to circumvent this interference. 

There are two general ways of doing this, both of which destroy 
some portion of the involute profile of the gear teeth and reduce 
to some degree the duration, or length, o: contact between rneshr 
ing teeth. One method is to modify the tooth-profile curvature 
near, the base circle, where tooth contact first occurs, and is 
effected either by proportioning the generating tools so that they 
undercut and remove some of the flank of the tooth or by a 
separate milling oiaeration. The other method is to ease of 
the tip ponion of the gear leeih, so that tooth contact cannot 
commence quite as close to the base circle. 

Still a third method of overcoming the objections to noisy 
gears, one that avoids rather' than destroys the interference 
responsible for the noisy operation of carefully generated gearing, 
is to design the gear-tooth form so that the active tooth profile 
stops at an appreciable distance from the base circle. This 
practice entails either emplotnng a higher pressure angle or else 
an increase in the addendum of the pinion member and a cor- 
responding decrease in the addendum of the gear member, but 
again there is some sacrifice in gear efficiency and in the load- 
cann-ing capacity of the gearing. 

Both methods of circumventing the interference by destroying 
sections of the involute profile are subterfuges and their justifica- 
tion is open to question, for if the teeth of noisy gears were of 
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correct form, there wouid be no need fur -iiiy sucli inodinciitions. 
Xevertheiess. the expediency is occasionuliy necessarv, in view 
oi iiniitations, not so miicii oi the involute svsteni of jtearinG; as 
of the generating machines employed for cutting the gear teeth, 
and the question naturally arises as to which method is the niijre 
desiraole. Actual!}", the question should be, which method is 
the less harmful to the operation of the gears. 

This, also, IS a disputed point, though the choice in methods 
should be governed by whether the surplus thickness of the gear 
teeth responsible for the interference is confined, at least in major 
part, to the root section of the teeth, or whether it is divided 
between the root and tip .sections of the teeth. In one case, 
modification on the flank of the teeth is indicated as advisable 
and_. in the other, on both the tip and root sections of the teeth. 

In apphung either correction, the amount of modification in 
the form of the teeth should be the minimum needed to avoid 
edge contact, for vchicli reason it is quite apparent that it would be 
far more desirable to eliminate, so far as po.ssible, the opportunity 
of edge contact occurring, thus conserving all possible productive 
tooth contact, than it is to sacrifice contact and gear efficiency 
in anticipation of the interference. That gears can be generated 
that will run smoothly and relatively noiselessly is clearly shown 
by the fact that only some of the gears generated by standard 
production machines are inherently noisy, while others, cut under 
identical conditions and with the same degi’ee of care, are 
inherently quiet in operation. 

This complication simply adds to the importance of making 
careful investigations of the profile curvature of the teeth 
of all gears having a tendency to be noisy, with the ".'iew of 
ascertaining the reason for the fault. In this connection, 
since the curvature of the tooth profile is hard to measure 
with accuracy near the base circle, it is advisable to study 
the involute profile of the teeth in its entirety, rather than 
to center attention on the fianks of the teeth where the interfer- 
ence originates. Incidentally, the fiatier section of the tooth 
profile,, that between the base and pitch circles, need not con- 
stitute any particular difficulty in the accurate measurenrent of 
the curvature of the tooth profiles. 

Referring to Fig. 131. the far side of an involute gear tooth is 
shown in its relationship to the center line of the gear, when a 
tangent to the point of involute origin on the base circle is at right 
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angles to the center line of the gear. In this position, the normal 
distances from the center line to the edge of the gear tooth and to 
the base-circle end of the involute tooth profile, respectively, 
are readily computed from other known dimensions, as are also 
the radial angles subtended by normals from these points to the 
center line of the gear. Th.e diS’erence in these normal distances 
constitutes a "check dimension" which covers the entire involute 
section of the tooth profile, as does also the angular difference 

0 ^ ->■ 



between the radial angles subtended by the respective normals 
from these critical points on the tooth profile to the center line 
of the gear. Expressed algebraically, the simple calculations 
entailed in definitely establishing these relationships are; 


CO: 


VOE = 


BCR = PR X cos VP 
BCR 
OR 

OE = OR X sin VOE 

OE X 360 deg. _ OE? X 45 deg. 


VBE = 


3.1416 X 2PR 0.7S54 X PR 
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BE = BCR X sin YBh 
CD = OE - BE (123) 

VCD = YBE - YOE (123a) 

v.’here YP = pressure angle. 

The check dimension CD can also be readily and accurately 
measured on the gears under investigation tvlth standard calibrat- 
ing instruments, and. if the findings differ from the computed 



Fig. 132 . — Critical angles in top-land measurements 

values for the involute form of gear tooth, it is evident that the 
profiles of the teeth of the inspected gears are not of full-involute 
form, or curvature. Some modification in the curvature of the 
generated teeth exists, located — ^if the spacing oi the teeth and 
the pressure angles are correct — either at the root edge or the 
tooth face or at the tips of the gear teeth. "Vniile some indication 
of the seriousness of the interference the faults develop is also 
supphed by the check dimensions, locating the interference on 
the flank of the tooth or at both the top and root of the teeth 
necessitates a check of the top laud of the teeth. 
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The radial angle TT15 of the addendum section of the tooth 
profile (see Figs. 131 and 132) provides a logical measure for 
separating the two portions of the gear-tooth face on which 
interference due to modincaiions in the generated gear-tooth 
profile may occur and, tvhile tliis angle is not easily measured 
on a gear tinder inspection, owing to the extreme sensitiveness 
of the curvature of the gear-tooth profile, it can be readily 
computed, and the location of the interference accurately 
established, by measurements that can be made with preciseness. 
In fact, the only additional measurement required is the deter- 
mination of the width of the top land of the teeth. Comparison 
of the top-hand findings uhth the computed values for the same 
dimension of a true involute-gear tooth will then de fini tely- 
establish what proportion of any variation between the measured 
findings and the true values of the cheek dimension CD is at 
the tip of the teeth, and what propoiuion is at the base-circle 
extremity of the tooth profile. The equations entailed in these 
computations are quite simple. 

Referring to Fig. 131, the length of the tangent from the 
pitch point on the gear-tooth profile to the base circle is governed 
by the knovm pitch- and base-cii’cle dimensions, while the 
angle YPE formed by^ a radial to the pitch point and the center 
line of the gear in the position shown is included in the base-circle 
arc YBE. The length of this latter arc, v,’hicii is governed b\- 
the known outer and base-chcle dimensions, is the same as that 
of the tangent OE from the tip of the involute gear tooth tc 
the base circle and thus also measures angle VOE. The differ- 
ence between the angles YPE and YOE. or the angle ThlS, 
embraces the addendum portion of the involute tooth profile. 
With this latter angle determined, the angle YTL subtended 
by the top land of the true involute-gear tooth (see Fig. 132) 
is easlR computed. 

Referring to Figs. 131 and 132, the various steps in this deter- 
mination of the top-land width of the true involute-gear tooth 
expressed algebraically are: 


cos YPP 


BCR 

PR 


VPE = YPP 


= YPP 


_ BCD 
PD 

, (JOE - PR X sin FPP) 360 deg. 
3.1416PP 

, JOE - PR X sin FPP) 45 deg. 
^ 0.3927PZ) 
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COS VOE — 


VAS = 
VTL = 


BCR _ BCD 
OR ~ OD 
VPE - VOE 
VTT - 2VAS 


TL (chord; = OD X 


VTL 


Qin 

o 


ri24 


Test insTnimeiits for the calibration of the tooth profiles 
of gear teeth have also been developed Idv vrhich a test finger 
is made to follo^v the profile curvature of the teeth and register 
on an indicator dial any variation of the tooth profile from true 
involute curvature. The principle underhung the operation 
of these gear testers is that if a straight edge is rolled, without 



sliding, on the surface of a c^y linder any given point on the straight 
edge vdll trace an involute curve., the origin of v.'hich is on the 
circumference of the cylinder. 

One of these gear testers that well exemplifies the practical 
application of this principle consists of a framework centered 
about, an arbor on which is mounted a cylindrical guiding disk 
of the same diameter as the base circle of the gear to be investi- 
gated and an exploring mechanism wliich includes a straight 
edge on rollers held firmly against the cylindrical guide and on 
which is mounted a pivoted test finger. In operation., the gear 
to be tested is placed on the central arbor and adjusted so that 
the tip of tlie test finger rests on the profile of one of the gear 
teeth at the base circle and. when in this position, is clamped 
securely to the cylindrical guide. 
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With the gear in place and the test finger adjusted, the frame 
is rotated about the central arbor, while the guiding disk and 
gear are keut stationary, causing the straight edge to roll on the 
guiding cylinder and the test fin.ger to follow the curvature of 
the gear-tooth profile. As the natural path traced by the test 
finger is that of the correct tooth profile of involute curvature, 
any modification in the profile of the gear tooth is detected and 
registered on the dial of an indicator to which the pivoted test 
finger is linked. Over the entire active face of the gear tooth, 
comparison is thus made between the existing curvature of the 
gear teeth and the profile of a perfect involute tooth of like 
proportions, iocatiiig and measuring the sections of modified 
curvature. 


CORRECTION OF FAULTS 

At the completion of these specific error-determining tests, 
or after a sinipie "'composite test’’ to note the smoothness in 
action of a pair of gears (in this latter test the gears are mounted 
at correct center distance on accurately aligned spindles, run 
together by hand, the amount of backlash measured by feelers 
or by center-distance adjustments, and the efiects of errors 
of spacing, etc., observed), methods of correcting the dis- 
covered fay.lts have, naturally, to be instigated. It is then that 
the value of the tests becomes apparent, and the limitations 
of the gear-cuttmg equipment employed can be appraised. 

The errors found due to careless workmanship, poor machine 
adjustments, mah'ormed cutting tools, etc., are not only sur- 
mountable, but their correction results in material improvement 
in the quality of the gearing turned out and to lowered production 
costs. Faults due to machine limitations, on the other hand, 
entail when they can be overcome or relievedto some extent, either 
a sacrifice in the transmission efncieiicw and load-carrying capacity 
of the gearing or else an additional gear-cutting expense for a 
corrective finishing operation. 

In the outline of the three approved methods of generatmg 
involute form gears, the faults due to machine limitations 
were shown to be confined mainly to those same modifications 
in the profiles of the generated gear teeth that are chiefiy responsi- 
ble for the noisy operation of gears with well-cnt but poorly 
proportioned teeth, i.e., gears of the involute form that have 
the profiles of their teeth more or less modified as to profile 
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curvature. The common subterfuge of easing on the gear teeth 
has been referred to brieny, and this practice, in view of its 
connection witn tne hign value oi profile testing, can now be 
discussed a little more fully. 

■VSTien easing on the profile of involute gear teeth wirliout 
first making a careiui survey ot the tooth-face situation, to 
locate the modifications in the profile curvature of the gear teeth 
which cause the o.ojectionable interference, there is alwavs 
grave danger that the operation mat* do more harm than good. 
A wise recommendation is, then, not to resort to the operation 
before having by careful tests definitely placed the location 
of the troublesome modifications in gear-tooth profile. Then, 
if the blemishes to the tooth faces as located are found to be 
attributable to definite machine limitations, and it is not expe- 
dient to substitute gears with teeth of proportions wiiich avoid 
the interference, it is better to leave the gear teeth heavy and 
finish shaping them on a machine not handicapped by the same 
limitations. 

A generating machine making use of cutting tools of true 
involute form is needed for the finishing operation and, in \'iew 
of the delicacy of the process, a gear-tooth grinder emplotdng 
flat or saucer-shaped abrasive wheels is an excellent, and fre- 
cjuently the best variety of, finisiiiiig machine. With the aid 
of a tool of tills tjTie, gears vdth teeth left a trifle full can be rap- 
idly and accurately finished which would, if completely cut by the 
machine handicapped by the limitation from which a substantial, 
well-constmcted gear grinder of the generating variety is espe- 
cially free, have proved unsatisfactory. 

When a maciiine free from the limitations imposed by the 
enforced use of cutting tools which are not of true involute form 
is not available, and the easing of the teeth by some other 
corrective machine is the only way of improving the running 
qualities of the gearing, the gear teeth should be finished on the 
first machine up to the point of securing accurate tooth tliickiiess 
on the pitch circle, in order to make it unnecessary to touch 
the portion of the tooth faces bounding the critical pitch-Kne- 
element zone of the teeth in the final dressing operations. Su’b- 
sequent easing cuts, if required at the root of the teeth to reduce 
the height of the fillet should be, not only extremely light, but 
radial at the base circle, where the involute profile originates 
and tooth contact commences. At the other extremity, the 
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easing should not he carried bevond the point wiiere the dili 
of the top land is either less or more than that of a tme involitte 
gear tooth 0! similar proponions. 

Easing so shiilfully consuEimated as to leave the teeth of 
the gear of the correct tlrichness on the pitch circle, radial at 
the base chcle and of proper top-land proportions nil! eonvert 
a gear nith mah’ormed teeth into one tvith tooth prohles of 
virtually true involute curvature, transforniing the unsatisfaciorv 
gear into a snsootli- and quiet-running transmission of excellent 
mechanical efficiencv and hiah-ioad carrvinj caoacitv, The 
task mav tax the skill of the machinist, but it can be done 



SECTION XVI 
ROLLED GEARING 


The comniercial de\ elopment of rolled gearing, in which tlie 
gear teeih are forged on gear blanks heated to a semipiastic 
condition, is not only an outstanding acliievement in methods 
of gear produciion but a practical realization of the fundamental 
principles upon which ail methods of cutting gear teeth by 
senerating processes have been founded. The urocess is one 


of pure generation and the iorged gear teeth are stronger, tougher, 
harder, and more accurately formed than are the gear teeth 
produced by any maciiine-cutiing process and the finished gearing 
is produced at much lower unit cost and with far greater economy 
in the use of materials. The development in its effects upon 


methods of gear production is revoluiioin 
appears destined to displace machine-cutii 


irj' in character and 
ng methods in large- 


scale production of gearing, where low production costs, accuracy 
of tooth profile, marked wear-resisting qualities, and high trans- 
mission efficiency are considerations. For these reasons, a 


critical analysis of this variety of gearing is highly desirable 
and preferably should be made after a thorough study of the 
other methods of producing high-quality gearing. 

Forging the gear teeth by syncTironized rolling of heat-softened 
gear blanks under heavy pressure agamst revolving, hardened 
die rolls, the one and only operation in building up the gear teeth, 


insures a smooth, unblemished tooth surface for rolled gears, 
free from any of the face irregularities that cannot be entirely 
avoided when two such unrelated operations as the rotation 
of the gear blank and the advance of the cutting tool in the 
cutting of gear teeth by generating machines nave to be per- 
formed at the same time. Furthermore, the hea^y pressure 
under which the softened gear-blank metal is worked into teeth 


during the rolling process effects the marked increase in the 
strength of rolled gearing by bringing about a rearrangement 
and modification of the metal strucmre of the gear teeth. 

The plastic metal during the gradual molding of the teeth is 
subjected to a thorough and powerful kneading process which 
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pressure of 10 to 20 tons, into engagement v.ith the semiplastic 
gear blank, progressively displacing the metal and gradually 
building up the molded gear teeth. The work and die are kept 
in this roiationai contact until the teeth are fully formed, the 
die roll meanwiiile advancing to full mesh. The heated gear 
blank has in the meantime cooled to below its critical tempera- 
ture, so that the formation of forging scale has also ceased. The 
die roll is then withdrawn and the rolled gear removed to cool. 

As the rotary speeds of the die roll and gear blank are positively 
synchronized at the speeds of their engaging pitch surfaces, 
through the heavy timing gears, there is no drivmg action 
between the die roll and gear blank, and the teeth of the die roll 
are constramed to enter the blank on radial lines and in the 
same relative position on each successive revolution. The 
advancement of the die roll, vdth the accompantnng displacement 
of gear-blank metal, is slight per revolution, so that teeth on the 
gear blank are molded gradually and without strain. Through- 
out the process of rolling, the temperature of the die roll does 
not rise above that wliicii is bearable to the hand, being kept 
cool bt' a stream of water directed against its face at the point 
farthest from that of its contact ndth the heated blank. 

Wlien gears of extreme accuracy of tooth structure are required, 
the work and die-roll shafts are made to reverse their direction 
of rotation frequently during the greater part of the process of 
building up the teeth. This reversal is performed at a speed of 
about 150 r.p.m. and it has the enect of balancing tlie displace- 
ment of metal on either side of the teeth, so forming a iteriectly 
symmetrical tooth structure. 

During the rolling operation, the stream of cooling water 
directed against the die roll serves to wash free any forging scale 
which may tend to cling to the die-roll teeth and is also instru- 
mental in ridding the gear blank of the scale as rapidly as it is 
formed. The cool, wetted die-roll teeth coming in contact 
with the hot gear blank accentuates its rate of shrinkage, loosen- 
ing the forging scale as it forms. The speed of blank rotation 
then throws the scale free of the machine, leaving the surfaces 
of the rolled teeth entirely free of clinging scale. The rolling 
process is continued until the gear teeth are fully formed. 

The finishing operations of boring and facing the gear hubs 
and the dressing of the shrouding formed by the molding of the 
gear teeth are performed on suitable automatic machines of 
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standard type, with ihe rolled gear blanks chucked on their 


accurately nnis 
assures a precis 
croars. wiiich ai 


ihed pita 
se axial : 
■e by vir 


1 suriaces. Tins method of mounting 
LUgnmeat end the concentricity of the 
Lie of me method by Y»‘hich they were 


producea periectiy baianceci. 

The shrouding tying the formed teeth and gear body, or web, 
into an integral unit is due to tlie use of die teeth somewhat 
shorter than tne lace width oi the gear blanks and can be entirelv 
cut awat", leaving gears oi the usual iorm, or may be retained 
in whole or in part to add strength to the gear. In the case of a 
pair oi meshing gears, a luli shroud or a part shroud can be 
retained on the member which is customarily the weaker of the 
two, making it the ectial or superior oi the other in streiisth. 
Or, shrouds on both members can be so •» proportioned as to 
develop the maxinium or the most enective strength of the scear 


combination. 


PRODUCTION ECONOMIES 

As the process of gear rolling is essentially one for quan- 
tity iiroduction, the resulting economies are probabh* of even 
greater importance than such vital considerations as accuracy 
of tooth formation, resistance to wear, hardness, toughness, 
and strength of gear teeth, and in this connection the rolling 
process shows a number of marked advantages. Important 
savings are realized in material, labor, and equipment costs 
and also by the much smaller space required for the accommoda- 
tion of the plant needed for a given production output of gears. 

The teeth being formed on the gear blanks by a molding 
process, rather than by the removal of any metal, as in all gear- 
cutting processes, the gear blanks can be so proportioned that 
only a minimum amount of metal is trimmed away in nnishing 
the gear hubs and the ends of the gear teeth. This enables a 
saving to be made of from 20 to 40 per cent in the weight of 
the rough blank. 

The crew for operating a rolling machine and its supply 
furnace for heatmg the gear clanks consists oi only tvro men, an 
operator and a helper, who under intelligent direction from a 
competent foreman may be recruited from the class of intelligent 
laborers. Such a crew can easily attain and maintain an average 
hourly output of 90 rolled gears per machine. Compared to 
the labor expense in simply cutting finished teeth by the most 
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economieal process of machining, at a rare of 90 gears per hour, 
the saving by the roiling method aniounis to betvv’een 90 and 97 
per cent. Finishing up the gears some'jvhat cuts down the 
superiority of the rolling method, but the saving is still very 
marked, being from 75 to SO per cent, or even more, depending 
upon the size and type of gearing produced. 

The large output of a gear rolling machine, a lO-in. gear with 
2-in. face consuming onh* a trifle over 14 sec. in the rolling opera- 
tion, results in considerably fev.er of these machines being 
required for a given rate of production than gear-cutting machines 
for the same gear production. Consequent Ijq a substantial 
saving is effected in necessary equipment investment and a 
considerable saving in floor space. As for the investment saving, 
the case of a shop ha^vung a daily production capacity of 700 ring- 
bevel gears, 700 bevel pinions, 700 miter-bevel gears, and 1,400 
spur gears nill prove typical. 

The gear rolling machines and heating furnaces for such an 
output would cost SO to 90 per cent less than the equivalent 
equipment in generating maciines and niacline tools. In the 
finishing-up operations; Lc., the boring and facing of hubs, 
., the additional equipment cost favors the machining process 
some extent, but in the over-all equipment cost, that for all 
chines entailed, the rolling process is the more econonicai by 
Lie 60 or 70 per cent. 

DESIGN OF ROLLED GEARING 

The question o: gear design in rolled gearing concerns itself 
chiefly with the relatively simple niaiter of suitable die-roll 
constructions and proportions, in which the straight-line profile 
teeth of the die rolls make entirely feasible the commercial 
production of varieties of gears which are beyond the scope of 
practical gear cutting. Tliis is especially true in the line of bevel 
gears and centers attention first upon the die rolls for this class 
of gearing, in which strict adherence to the involute system of 
iring is rareh^ attempted. 

There are two general varieties of die rolls for forging bevel 
irs, the fiat bevel die roll and the crown die roll. The former 
tiearlj" invariably employed for rolling bevel gears of so-eaUed 
mdard pitches. The reason for this is that the radius of the 
)wn die roll is governed by the cone distance of the gear to 
rolled, when the gear blank is at its critical temperature, and 
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this distance is rarely 
of ihe die roll. Conseq 
the center angle of the 


an even multiple of the circular pit cl i 
iienth’, it becomes necessary to decrease 
die roll uniii its eiiective cone distance 


equals that oi the roliea gear Plank at its critical temperature,, 
thus providing for a full complement of whole teeth for the die 
roll. The circumference of a circle having a radius equal to 
the cone distance of the gear to be rolled divided by the circular 



pitch of the gear gives the number of teeth for a crown die roll. 
In the case of a bevel die roll, the quotient is the number of die- 
roll teeth plus some fraction. To ascertain the pitch diameter 
of the flat bevel die roll, the fraction is dropped and the product 
of the whole number miiitiplied bj" the coefficient of expansion is 
divided bj- the diametral pitch. The center angle of the flat 
bevel die roll is then readily computed, the necessary onset to 
the die-i-oll shaft, etc. 



The nse of the fiat bevel roll is required when it is necessary 
to produce a rolled gear of established pitch and, consecfuently, 
of fixed diameter, but it is quite conceivable that many occasions 
might arise where gear proportions slightly smaller or larger 
might prove much more desirable than proportions estab- 
lished definitely by a standard of pitch. That is, gearing con- 
trolled by considerations of available space or by diameter 
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affords a wider scope than a system in vtliich the diameters of 
the gears are fixed by the pitch. In any production process, 
this situation would entail some modification in pitch, but in the 
gear rolling system this is accomplished with the utmost prectsiori 
by the use of a crown die roll having an effective diameter equal 
to double the cone distance of the gearing required, when at its 
critical temperature. In the case of any gear-cuttmg process, 
on the other hand, the use of special and costly cutting tools 
which could not be ground or reproduced with the same precision 
would be required. The greater strength of rolled gearing, 
furthermore, affords somev.hat greater leeway in the matter of 
pitch than may be taken -vsith cut gearing. 


REDRESSING DIE ROLLS 


The redressing, or grinding, of bevel-gear die rolls, an operation 
which may be necessary after rollmg from 500 to 1,000 gears, is 



a simple undertaking, as all proportions of die-roll teeth are kept 
constant, but in the case of die rolls for spur gears the situation 
is somewhat different. The spur die roll is in the form of a gear 
vvith straight-line profile teeth, which if redressed will reduce 
to some extent the diameter of the die roU and conseciuently the 
circular pitch of its teeth. Although this is true, it is possible to 
redress these die rolls until there is ciuite a measurable reduction 
in their pitch -diameters without destrotfing the accuracy and 
smooth running qualities of the gears the}" can roll. 

This peculiarity is made possible by the positive driving of the 
functioning shafts through heavy timing gears. As these timing 
gears control the angular advance of the die rolls and of the gear 
blanks, the effect of a variation in the respective diameters of 
die and blank, within reasonable limits, is the introduction of a 
slight creep between the die and blank as they are brought into 
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and run in synchronized contact, the width of the tooth spaces 
of the die roll ana not the tinciness oi the die-roii teeth governing 


the thickness 
sequentiy, as 
and kept coii: 


of the teeth rolled on the plastic gear blanks. Con- 
the radial spacing of the formed teeth is controlled 
stant by the timing gears, it is essential that the die- 


tooth spaces be maintained constant. If tiiis is done, a slight 
reduction in the thickness of the die-roli teeth, due to the reduc- 
tion in die-roll diameter through tooth redressing, will not 
appreciably modify the profile curvature of the roiled teeth and 
will not anect the accuracy of tooth spacing on the rolled gear. 


By maintaining constant the tooth spaces of spur-gear die rolls, 
they can be redressed several times before they should be dis- 
carded, making the life of such dies measurable by a production 


of several thousand gears. 


HELICAL AHD HERRINGBONE DIE ROLLS 

The simple straight-line profile tooth adopted for die rolls, 
being equally suitable for axial and helical, or spiral, arrangements 



Fig. 13s. — S tandard arrangements of die-roll teeth. 

of teeth, die rolls for helical gears, both oi the spur and bevel 
variety, can be made and kept in condition with almost the 
same ease as similar die rolls with straight a.xial teeth. This 
enables helical gearing to be rolled as cheaply as gearing 
with ordinary teeth. By making the die rolls in concentric 
sections, separable for tooth dressing, but otherwise keyed into 
an integral unit, herringbone varieties of either spur or bevel 
gearing with rigid binding tooth prows can be rolled just as 
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cheaply. Herriiigbone-bevel gears, which exemplify the wide 
scope of roiled gearmg, cannot be produced by any practicai 
process ox gear cutting. These gears vrill doubtless prove of even 
greater commercial value than the herringbone-gear type of spur 



gear, as they will eliminate the objectionable sideihrust in most 
nstallations of bevel gearing. 

die-roll formulas and design 

Nomexcl.^tche for Bevel GeahesG 

(See Fige. 135. 136, 13S, and 139) 


Die Roll 

Rolled Gear 

BRL) — enective nitch diameter 

DP — diametral oitch 

= number of teeth 

CP = circular nitch 

FC = center angle 

PD = pitch diameter (outer) 

T F = lace angle 

PDI = niich diameter (inner) 

iJEW = ilie-lace width 

FTF = face width 

; PA = addendum angle 

FFTF = proiected face Tvddth 

VD = dedendum anale 

A = addendum 

ODD = outer dia.metcr (die) 

C = clearance 

IDD = inner diameter (die ) 

FC = center angle 

DC = die clearance 

VBk = back angle 

DD = die dedendum 

FA = addendum angle 

VP = pressure angle 

T’D = dedendum angle 

VBO = bevel angle (outer) 

VP = uressure angle 

P JiJ = b 0 V 0 l S-Xisis (inner # 

PCD = oitch-cone distance 

FiS'TF = tootli-suace width 

RD = root diameter 

KTS = normal tooth space 

DAC = diameter aoex circle 

PCD = lace-cone distance 

RCD = root-cone distance 

FiS = spiral angle 

Fs? = sniral angle 

= diunitTOr n.D6x circle, 

PC = parting-circle diameter 

VO onset .angle 


PC pamng-circle diameter (her 

ringbone sears') 

PT^ xoctn-sijLics v.'icitli 

partiitg circle 

ZE ccemcieut of expansion = 

(1 -r temperature range) 0.000006' 
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DD = 


(130a.) 


Formulas for Bevel-gear Die Rolls 
DD DC = 

PD 0-2o) 

ODD X -4 

^ = ~TD~ (126.) 

DFW = ZE X -PTT -T- 0.125 (127) 

= 2FCD X sin 

YBO and VBI are arbitrary within reasonable liniits. 

, . 6.2S32PCD 

-r ii'ac Lion = (oevel die roils.) (129) 

6.2832PCD , , 

),crown die roils; (129a) 

.V = largest whole number. 

ZE X V 

EPD ~ ~^p'‘ (bevel die rolls) (130) 

= 6.2S32PCP X ZE (crown die rolls) (130a) 
ZE X Y 

sin VC = pcD x ' bP 

VC = 90 deg. (crown die rolls) 

VO = 90 deg. - VC (132) 

VF = FC + Tb4 (bevel die rolls) (133) 

= 90 deg. — F-4 (crown die rolls) (I33a) 

ED = PD - 2(d -r C) sin VBJz (134) 

O.oPP 

PCD = — pfTTI .^13o/ 

sm mC — vD) 

FCD = ZE X RCD -j- 0.0625 (bevel die rolls) (136) 

O.oODD f „ . 

= ^^-7- (crown die rods) (136a) 

cos 1.4 

ODD = 2ZE X cos (90 deg. - Tb4) (137) 

IDD = ODD — 2DFW X cos (90 deg. — VF) (bevel die rolls) 

(138) 

= ODD — 2PPTr X cos Fd (crown die rolls) (13Sa) 
DAC = PD X sin VS (heHcal bevels) (139) 

DDAC = ZE X DAC (helical and herringbone bevels) (139a) 
NTS = P.5TF X cos F;S (helical and herringbone bevels) 

(140) 

PC = ZEV(PD)^ - (PD -f PDI)PFW (141) 


RCD = 


(crown die rolls) 


(132) 

(133) 
(133a) 

(134) 


(136a) 
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Additioxal A’omexclature for S?up-ty?e Gearixg 
(See Figs. 137. 138. and 140) 

VBA = bevel angle, edge of spiiMvpe die rolls 
(rA = gear advance (helical and herringbone sour gearing) 

ZE ~ coeincient of e.xpansion = (I -j- temperature range} 0.00000672 

Formulas for Spur-type Die Rolls 


J = 24DP 1 1 (143) 


II 

X 

(130) 

DFW = ZEXFW-- 0.125 

(127) 

DD = 0.3183CP X ZE 

(126a) 

DD^DC = 0.36S3C? X ZE 

(125a) 

GA ~ l.l X CP (helical and he] 

rringbone gears) (144^ 

tan yP = (helical aears; 

r 11 

(145: 

2^4 

= (herringbone sears) 

FW ' 

(145a: 
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WOjRKING FORMULAS AND TABLES IN GEAR DESIGN 

N’OMENCLATURE FOR SYMBOLS' 

Lineal Dimensions 


Svmbol 


A‘ 

AD 

AF 


= Addendum 
= Special dimension 
= Apex distance 


Bor BL = Backlash 

BCD = Base-eirele diameter 
BCR = Base-circle radius 
BD = Bore diameter 
BE = Test dimension 
BiD = Botiom diameter (internal gears) 


CA = Chordal addendum 
Corrected addendum 


CB = Crown backing (bevel gears) 
CD = Center distance 
CP = Circular pitch 
CTh or CTT = Circular tooth thickness 


D = Dedendum 

DAC = Diameter apex circle (rolled bevel gears) 

DC = Die clearance (rolled gears) 

DD = Die-roll diameter (rolled gears) 

DDAC = Diameter die-roll apex circle (rolled bevel gear; 

DFW = Die-roll face width (rolled gears) 

D! = Diameter increment (bevel gears) 

DP = Diametral pitch 

DPn = Diametral pitch, normal (helical gearing) 

DP-s = Diametral pitch, inner (bevel gears) 

ER = Edge round (worm gears) 

EPD = Effective nitch diameter, die roll (rolled bevel gears) 

- Synibols for pinion members in gear drives are customarily differentiated 
from corresnonding symbols for the larger gear members by the use of small, 
instead of capital, letters. 
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Symbol 

FCD Face-cone disiance. die roll (rolled bevel gearing) 

FL Face length, v^orm. (worm gearing) 

FTF Face tvidth. 

GA Gear advance (rolled herieal and herringbone gears) 
GD Groove depth (herringbone gears) 

GW Groove tvidth (herringbone gears; 

HA Height chordal tooth-pitch arc 

H D Hub diameter 

HE Hub extension 

HL Hub length 

jD Inner diameter (internal gears) 

JDD Inner diameter, die roll (rolled bevel gearing) 

SiTF Ke%-v,-ay v.-idTli 

KWD Ket-vtay depth 

L Lead, normal helix (spiral gears) 

LH Lead of hob 

LP Linear pitch (worm gearing) 

LW Length of v,-orm 

MD = IMounting distance (bevel gears) 

KDP = Xormai diametral pitch (spiral gears) 

NIP = Xormai involute pitch 
XP = Xormai pitch (circular) 

NTS = Xormai tooth space, die roll (rolled 
NTT = Xormai tooth thickness 

OD = Outer diameter 

ODD = Outer diameter, die roll (roiled gearing) 

OR — Outer rad-Us 

OS = OSset (skew-bevei gears) 

PC = Parting circle, herringbone-bevei gears (rolled gearing) 
PCC = Pitch-circle circumference 
PCD = Pitch-cone distance (rolled bevel gears) 

PD = Pitch diameter 

PDe = Equivalent pitch diameter (skew bevel gears) 

PDI = Pitch diameter, inner (rolled bevel gears) 

HFTT = Projected face width (roiled bevel gears) 

PR = Pitch radius 

PTDe = Pin-test- dianteter (even number of teeth; 

PTDo = Pin-test diameter (odd number of teeth) 

PTS = Tooth-space vndth, die roll (rolled bevel gearing) 
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Root-cone distance trolled bevel gears) 

Root diameter 
Radial-leverage gear tooth 
Root radius 

Radius wheel face !Worin gears; 

Radius wneel rim tworiii gearsy 

TD = Throat diameter (worm gears; 

TF]V = Tooth-flank width 
TL = Top land 
TP = Test-pin diameter 
TPI = Distance, pin center to chordal plane 
T^S'TT = Tooth-space width, spur die roll i rolled gearing) 

TTD = depth, tooth. 

X = Pitch-line backing dbevel gears; 

Angle, Velocity and Miscellaneous Measures 

VA = Angie of axes 
F--i5 = Addendum section angle 
A--1 = Arc oi action 
AP = Arc of approach 
AR = Arc of recession 
A JJS = Allowable unit stress 

VB = Bottom, (cutting) angle (bevel gears) 

YBA = Bevel angle, spur-forging die roll 
VBh = Back angle (bevel gears; 

VS I = Bevel angle, inner (bevei-iorging die roll') 

VBO = Bevel angle, outer (bevel-forging die roll; 

VC = Center angle (bevel gears) 

VCA = Carrying arm, rotary- speed {epicyclic gear trains) 

C = Character of load factor (Table 25d) 

CA = Carrying arm (epicyclic gear trains; 

CD = Check dimension — ^testing 
CGD = Compo-und gear, driven member (epicyclic gear trains; 
CGR = Compound gear, dri\-ing member lepicyelic gear trains 

VD = Decrement angle (bevel gears) 

DAiy = Driven-member velocity (epicyclic gear trains) 

DG = Driven gear (epieyche gear trains ; 

DM = Driven member (epicyclic gear trains) 

DTC = Duration tooth contact 


RCD = 
RD = 
RL = 
RR = 
RMF = 
RWR = 


E = Efficiency 
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Symbol 

TIF = Face angle (bevel gears) 

/ = Coemcient of friction 

GR = Gear ratio 

VH = Helix angle 
VHS = Angle of hob setting 
VHT = Hob-thread angle 
HP = Horsepovrer 

\ 1 = I— C^^ZIi011T S.R£cl0 *D0Vci ff08.rs) 

VIG = t'eloeity internal gear (epicyciic gear trains) 

IG = Intermediate gear, size (epicyciic gear trains) 

K = Velocity factor (Table 28) 

YL = Lead angle, worm 
LC = Load factor (62.5-iOO) 

LC — Load factor (175-250) 

LC" = Load factor (Table 12) 

YNP = Normal-pressure angle (worm 
N = Number of teeth 
NTC = Number of teeth in contact 

VO — Angle of onset (skew-bevel gears) 

Offset s-ngle. die roll (rolled bevel gears) 

YOB = Test angle 
OE — Test dimension 

TIP = Pressure angle 
YPi — Pitch angle (spiral-bevel gears) 

T’Pji = Pressure angle, normal .(helical and herringbone gears) 
PLY = Pitch-line velocity 

YPG = Planet-gear velocity (epicyciic gear trains) 

P = Pitch point 

Wear factor (herringbone gears) 

PG = Planet gear, size (epicj'clic gear trains) 

Q = Installation factor (Table 25e) 

RPM Revolutions per minute 

PA/T Driving-member velocity (epicyciic gear trains) 

P-II Driving member (enicyclie gear trains) 

Spiral angle 

FjSG Sun-gear velocity (epicyciic gear trains) 
aS Allowable static stress 
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M-mDOi 


SYiS 

Safe working stress 

SG j 

• 

SGlf 

Sun gears (epicyclie gear trains j 



SJI 

Stationary member (epicyclie gi 

VTL 

Top-land angle 

fn 

I 

Total tooth pressure 

T; 

Tangential force 

f; 

Axial force 

TB 

Tooth bearing 

TL 

Tooth load 

!r = 

= Transmitted load 


7 


Form facie: (Table 10) 
Tooth orODOriion factor 


7 Section modulus 
IE CoeScient of expansion 




OR = VMHpXsinFPp (i) 

or = V N" T iCR> X sia YPy fl'i 

Limiting proxiimiy oi pinion to involute rack: 

= kr X cos I? = pr X cos- ( 2 ] 

Tootli-pressure components: 

fi = f X cos LP ■ (3) 

p2 = fi X tan FP (3') 

Table 1.— Eaxge of biAXBAED i,i4i5-3EG.j Ixfolhe M’luxg Ccikrs 

Number Raige 

1 I3o-raek 

IH 80-134 

2 00- T9 

4^o4 


i) 


3H. 


35- 41 
30- 34 
26-29 
23-25 


a , 21-22 

19-20 

6 1M8 

15-16 


14 

13 



. f.-SLE 2 — Ceoeb.>l Tsillvesses axb 'Cossecteo] Addenda of Geae- 
TEETE DlaMETEaL PiTCE 


lite : itji)? Hi? KW 


af leeth 

Titick- 

.Addeo- 

Thick- 

Adden- 

Tliifk- 

Adcea- 

Thick- 

.4ddea- 


neK,in. 

Ciini. in. 

ness, 12 . 

dtirs.in. 

nfcs, in. 

ciiini.in. 

n&AS. in. 

dun, in. 

s 

l.odOi 

1.076“ 

1.0405 

0.7179 

0.75j4 

0,5385 

0,6243 

0.4308 

u 

1.5628 

I.OoSt 

1.0415 

.7123 

T314 

n^i> 

.6(51 

.4273 

id 

i.OOiij 

1.06.5 

1.0425 

. j [ii t 

."S2I 

. 53(18 

.6257 


ii 

l.ODDi 

1.0555 

1.0436 

.7039 

.7b27 

.52?J 

.626! 

.4224 


1.5bd3 

1.05:4 

!.i]442 

.7009 

,ii^i 

.5257 

,6255 

.42'j6 

ii 

l.odiO 

1.0440 

1.0450 

.blDlI 

.J^Si 

.5220 

.6270 

.4176 

17 

1.5650 

1.0362 

1.0457 

.6908 

.7543 

51x1 

.6274 

.4145 

21 

1.5i4 

1.0294 

1.0453 

.6553 

.7847 

.5147 

.6277 

2d 

1.5023 

1.0237 

1.0465 

.6823 

Tsi'i 

.SllS 

.6275 

,4005 

35 

1,5762 

1.0175 

1,U468 

.6784 

.7551 

.5085 

.6281 

.4ij7ii 

20 

1.5706 

1.01;2 

1,047! 

,6741 

.7853 

.5056 

.6282 

,4C4o 

135 

2.5707 

1.0047 

1.047! 

,6698 

.7853 

. 502.3 

,6283 

,4019 


SDP 

3}4 

D? 

411? 

55? 


Tiick- 

Addea- 

Kck- 

Adden- 

Thick- 

Addea- 

Thick- 

Addffl- 


ness, in. 

diirs,in. 

sesi.ts. 

dan, is. 

n 

dan, in. 

r.as. in. 

dan. in. 

8 

0.5202 

0.3589 

0.4459 

0.3077 

0,3902 

9,2692 

0,3121 

0.2154 

9 

.5205 

,3561 

.4405 

,3052 

,3907 

.267! 

,3125 

,2137 

10 

.5214 

.3538 

.4469 

,3033 

,3911 

,2654 

.3:29 

2!'i3 

11 

.5218 

,3515 

.4473 

,3017 

.3013 

.2640 

.3131 

.2112 

'2 

.5221 

,3505 

.4475 : 

,S0!)4 

,39!6 

,2628 

.31.33 

,2!03 

14 

52-5 

,3480 

,t4i9 • 

.2983 


.2610 

.3135 

,2088 

17 

.5228 

.3454 

.4482 : 

.2961 

,3521 


,3137 

. 2'J72 

01 

.5231 

.343! 

.44S5 

.2941 

.3023 

,2573 

.3139 

.2059 

26 

.5233 

?.-2 

.4485 i 

.2925 

.3^25 

.2550 

.3140 

.m; 

35 

.5234 

,3392 

.4486 ' 

.2907 


,J5t2 

.3140 

,.'035 

55 

.5235 

.3371 

.4487 i 

.2880 

.3527 

.2525 

3141 

Oj'j.iO 

135 

,5236 

,3340 

.4488 ; 

2^71 

.d’r./ 

05 jd 

.3:41 

.200^ 


55? 

72)? 

82? 

97 

p 


Taick- 

Addei- 

Thick- ■ 

Idden- 

Thick- 

Adcen- 

Thick- 

Adder.- 


ness, in. 

d53,iii. 

ness, in. 

duTi. in. 

ness. :r.. 

Qum.in. 

ness, in, 

dan,™ 

8 

0.2601 

0.I7S5 

0.2230 

0.1533 

0.1951 

0.!o46 

0.1734 

0.1197 

g 

.2605 

ITRI 

,2235^ 

.1526 

.1054 

.1336 

,1736 

187 

10 

.2607 

.1769 


.1517 

.1955 

1327 

,1738 

.liSO 

11 

.2609 

,1760 

.2235 ■ 

.1508 

. i95i 

.1320 

,1731; 

. ilTS 

12 

,2610 

.1752 

.2238 ■ 

.1502 

.1958 

.1314 

.1740 

.1:63 

14 

,2612 

.1740 

.2239 ; 

14mi 

.1950 

.1305 

.1742 

,;160 

17 

.2614 

1707 


,14ffl 

,1961 

.1295 

,1743 

.1151 

21 

.2615 

,1716 

2242 ' 

,1471 

,;952 

,1287 

.1744 

.1144 

26 

.2616 

.1705 

.2243^ 

.1452 

,1062 

.1250 

,1744 

.1137 


.2517 

.1696 

.2243 : 

.1454 

.1963 

.1272 

.1:45 

.1131 

55 

,2618 

.1685 

,2244! 

,1445 

.1963 

,1264 

.lilO 

.1124 

135 

,2618 

.1675 

, 2244 : 

.1435 

,1963 

.1256 

.1745 

.1116 






zm, in. 

diini, in 

:s-s, :i. 

cuEan. 

:e,;i aua,;:. 

0.1061 

O.lU/i 

1 0.1419 

0.9979 

O.lSOi 9,0857 

.1563 

.1053 

. .1421 


.1302 .G89u 

.1564 

.1061 

1422 

,0965 

.OiiiS 

.1565 

.lG-5o 

.1423 

.0960 

.:305 • .CESu 

.1560 

.1051 

1454 

.11956 

. 1395 ! ,CS76 

.156/ 

'104^ 

.1425 

.9945 

.1396 .!;87u 

.1565 

.1033 

.1423 

.9942 

,1397 : ,C833 

.1569 

.!U2ij 

14'^i 

.if-i 

.9936 

.1395 : .GSoS 

.15/0 

,1624 

' .1427 

.0931 

,1395 i .0553 

.1570 

.1915 

.1427 

.0925 

.1309 ■ .0843 

,15"! 

.1911 

1 .1423 

.09)9 

,1309 .0843 

.1571 

,1095 

.1423 

.0913 

,1399 .0837 


Thick- 

Adcei- 

Thick- 

.-iddea- 

Thick- 

Adden- 

Thick- 

.Addei- 

11 

ains,!!. 

ne-s, in, 

dnm.in, 

ness, in. 

dua,!;. 

ness, 11 

QUljil 

0.1115 

0.C76S 

0.1040 

0.0713 

0.0975 

0.0673 ■ 

D.OOlS 

O.'l'OSj 

.1116 

.0763 

.1042 

,!)7!2 

.0977 

.0655 

.0919 

.0528 

.1117 

.0753 

.1043 


.0973 

,6554 ' 

.0923 

.9624 ' 

.1113 

,0754 

,1044 

•C/u4 

,397S 

,0653 : 

.0521 

.0621 

lliO 

.0751 

,1044 

.070i 

nSTh! 

.0657 ' 

.092: 

C^'S 

,1119 

,0746 

,1045 

.9696 

,0939 

.66.52 

.0922 

.0614 

.1129 

.0740 

.1046 

.Oa'rl 

,0380 

.0648 - 

.0923 

.9606 

ll'^l 

,0735 

.1045 

.0656 

.0931 

,9643. 

,'3923 

.O&jj 

^ ’l-ll 

07.31 

,1046 

.0652 

oa»:i 

.3640 : 

0923 

.0602 

i ^22 

.1)727 

.1047 

.0673 

.0981 

.0635 : 

ilQ-H 


1 TOO 

,0722 

lD-7 

.0674 

Q9S1 

.9532 1 

,0924 

.0595 

,1122 

,0715 

,1047 

,0670 

.0981 

.5628 . 

r$24 

.0591 

IS 

D? 

mp 

2"i 

jP ; 

21 

)? 

I Thiel:- 

■Addea- 

Thick- 

Adden- 

T'-.V-. 

Adder,- : 

T'Vp’'- 

Adik- 

1 3E5S, 13. 



diun,::. 

nesi. ;s. 

snE.a,: 

ness, m. 

dnz.!:. 

0.0567 

0.0593 

0,052! 

0.0567 

0,0780 

0.353S 

0.0650 


.0863 

.OoS.3 

.0822 

,0562 

OTSi 

.3534 

.0551 


.OboS 

.0585 

.0823 

.055S 

.0782 

.3530 ■ 

.G651 

.u44.j 

.0b69 

.Gosd 

,0824 

.0555 

.0783 

.3528 : 

.0652 

,9433 

.0870 

.0584 

.0824 : 

.0553 

fiTSi 

.0525 

.0553 

,0437 

.QSil 

.0580 

.0825 : 

.0549 

njS4 

;1 :.*>■> 



.0871 

.0575 

.0326 ' 

.0545 

,0784 

.0513 

.0853 

M 

,0872 

,0572 

.0826 : 

.0542 

.0785 

.0514 

.0654 

.0425 

.0872 

.0568 

.0826 

.0538 

.0785 


.0854 

.0426 

.0872 

.0565 

.0826 

.9535 

.0785 

.0508 

' .0354 

.34^4 

.0873 

,0373 

.0562 

.0558 

,0827 

.0827 

.0532 

.0528 

.0785 

.0785 

.0505 

.0502 

.0354 

.0654 

.042; 

.0419 


' Thist Idden- ! Thick- -Adden- : Thick- Addea- i Taicic- Addea- 
‘’U EfSi. ' duE. i ness, ; dum, ; scss, i duia, ; nes. . dam, 

;n i in. i ia. ^ is. ^ in. ^ Id. in. ^ in. 

S : fl.3i05: 0.2142* 0.3725^ 0.2570; 0.4347; 0.2997: 0.496S| 0,3426 

9 ' ;3100' .2125; .3730, .2550 .4353; .2976 .4974; ,3400 

10 ■ 3112: .2112 , 3734; ,2534: .4357; .2957; .4973| .3378 

11 , '3114 ,2100^ , 3737 ! .2520* .4360j .2941; .4982; .3300 

12' .3116 .20911 .3739j ,2510i .4363; ,293s| .4986; .3346 

14 : 3118^ .2077: .3741| .2492; .4366! .2908; .4988; .3322 

17! !3I20; .2061: ,3744; ,2473| .43d9| ,2886: .4992: .3208 

21 i .3122; .2948, .3746| ,2457; .4371; ,2868 .4994: .3276 

26 I .3123; .2036* .3748; .2443! .4372, .2851; ,4997; ,3258 

35 i 3124* .2024' .3748: ,2429! .4373! .28331 .4999; ,3238 

55 i ' 3124 * .2011* .3748: .2414: .4374! ,2SlO .4999. ,3218 

135 ' .3124* ,1999* ,3748: ,23981 .4374: ,2798 . 4999, .3198 

I I i i i i I 

I iH-in. CP * l)fa.CP j lp.CP ; 2-in. CP 

* Thick- jAdden- ! Thick- Adden- ! Thick- -Adden- ’ Thick- Adden- 
i nE' 3 , i duS, ' ness, : nnE. ^ ness; , duin. nes!; djSi. 

I in.' I in. ! in. ! a ; | j *“■ 

8 ' G.d 210! 0.4284; 0.7450' O.oUO* 0.8694^ 0,5994; 0,9936; 0.6^2 

9 .62is' .42o0! .7460' .olOO; .8706 . 5952; .9948; .6M 

10 ■ .6224! .4224: .7468- .5068, .8714: .5S)14, .9956i .6/^ 

11 i ,6228: .4200; .7474! ,5040; .8720; .5882; .9964, .6(20 

12 1 .6232: .4182: .7478! ,5020! .8726; .58/6, .9972; .6® 

14 i .6236; .41541 .7482| .4984: .8732; ,5816 .9976; .6644 

17 i ,6240: .4122! .7488; .4946: .8738; .57(2, .99Si. .65^ 

21 ! .6244* .4090 ,7492; .4914; .8742; .5736; .9988; ,65o2 

26 ; ,6246* .4072* .74961 .48S6| .87441 ,5702^ .9994; .6516 

35 * .6248* .4048! ,4S5S| .8746; .5666; .9995, .6'(P 

55 * .6250i .4022' .7499: .4828; .8748; .5632; .9999; .o4at 

135 I ,6250: .3998; .7499; ,4796; .8748; .5596; .9999; .boa 



GEAR BOOK 


T.1BLE 4,-DiiMEiR.a Pitch 

Relation between dianietrai and circular pitches, with corresponding tcrt 
dimensions for standard Uji'deg. teeih (composite system} 


! Thieknes of 


Diametra! pitch 

Circular 
pitch, inches 

icoin g: 

WldGle 

depifiGcbc; 

DfiiendLiQ, Adde-dii3i. 
inches ; jnche 


6,2832 

2.1415 

4.3142 

5.3!^ ; 2.(iH) 

V 

h 

i.iSSS 

2.0344 

2.S7d1 

1.5728 : 1.3333 

1 

3,1416 

l.a708 

2.J/! 

! i5(i ■ ’.do 

IH 

2.5133 

i.25o5 

1.7257 

.92.57 . .do 

IH 

2.0S44 

1.0472 

2.4381 

•7714 i .6665 


1.J352 

.8376 

1.2326 

.6512 j .5714 

9 

1,5(08 

,7854 

!.0/8a 

.9785 : .SOCiO 


1,3363 

,6381 

.9587 

.5143 ^ .4411 


1.^566 

.6283 

.6628 

•4638 .4000 


1,1424 

,5712 

,7844 

.4233 : ,3636 

3 

1.0472 

.5236 

.7180 

.3857 : .3333 

Sit 

,83/6 

.44^ 

,616,3 

.3305 ! .2857 

i 

./8i}4 

,3327 

,5333 

.2853 . .2530 

3 

,6283 

.3142 

.4314 

.2314 ; .2900 

6 

,5236 

,2618 

.3535 

.1928 . .1656 

7 

.4488 

.2244 

,3081 

.1653 .1429 

8 

,3527 

,1363 

.2636 

.1446 : .1250 

3 

.3431 

.1745 

.2337 

.1285 1 .1111 

10 . 

.3'i2 

.1571 

.2157 

.1157 : .iOilO 

11 ■ 

.2856 

,1428 

.1361 

.1952 ! .0803 

12 

.2613 

.1303 

,1798 

.9364 i .0833 

13 

,2417 

.1208 

,1653 

.9830 1 ,0753 

14 

224! 

,1122 

,1541 

.9826 . .0714 

15 

.2054 

.1047 

.14.38 

.9771 : .9596 

16 

.1563 

0382 

.1348 

.9723 : .0625 

17 

.iJfiS 

,0324 

.1263 

•9581 . 0.588 

18 

.1745 

CS/o 

CS8 

•0543 ,0555 

10 

.1653 

.0827 

.1135 

.9699 ,iTo26 

20 

■'"l 

,0785 

,1073 

.0573 .9500 

22 

.1428 

,0714 

.0380 

.0526 ■ .0455 

24 

.1303 

,0654 

.0838 

,MS2 .0417 

2S 

1199 

.0551 

.0770 

•UtsO .0365 

.!k:3 .0357 

30 

.1047 

.6524 

,0713 

.9386 i ,0333 

32 

.0382 

,043! 

.0674 

.0352 ! ,0312 

34 


.0452 

.0634 

.0349 i .0234 

36 

.0873 

,0486 

,0599 

.0321 ' .02^ 

33 

,0827 

.0413 

.0568 

,0304 .0263 

40 

.0785 

.!jo5o 

.0533 

.9283 ; ,0250 

42 

.0748 

.0374 

.0514 

,9275 ^ ,0238 

44 

,0714 i 

■Ooo" 

■ (» 

.0253 0227 

46 

.0683 : 

.0341 


.0252 .0217 

48 

.0654 , 

.0327 

,0443 

.924: 0208 

50 

.0628 : 

.0314 

,0431 

.0231 0200 

56 

.0561 ; 

.0280 

.0385 ' 

,9207 0175 


,0524 1 

.0252 

,0360 

,0193 .0156 


lACLL 0.““Wf*LLLAa lUl-a 

Ijjlaiioa between circular and diametral pitches, with corresponding tooth 
dimensions lor standard id'fdeg. teeth fcempesite system) 




Tj'.jirrgj; q* 




Circiihr pitch. 

DiameLril 

iCQth cl 


Dedend'a, 

Addend'iiE, 

isches 

pitch 

pirchiise, 

dcprhiiiiciies 

luCliSs 

iachea 



ISCtltS 




6 

0..3236 

3.0000 

4,1136 

2.2ffiS 

i.ds 

5 

.6283 

2.5000 

3.4339 

1.8415 

1.5915 

4 

3,li 

.7854 

2.0000 

2,7464 

1.4732 

1,2732 

.8370 

1.7500 

2.4031 

1.2SS0 

1.1140 

3 

1.0472 

1.5000 

2,0568 

1,1045 

,3550 

2M 

1.1424 

1,3750 

' 8882 

1.0028 

.8754 

216 

1.2566 

1.2590 

ii/ie: 

,9207 

,7358 

2^4 

1.3363 

1.1250 

1.5443 

.8287 

,7162 

2 

1.5708 

1.0600 

1 3732 

.7366 

.6366 

ijs 

1.6755 

.3375 

1,2.874 

,63(6 

,5363 

i5>' 

1.7353 

.8750 

1.2016 

.6445 

,5579 

1,3333 

.8125 

1,1158 

.5985 

.5173 

i}l 

2.0344 

.7500 

1.0233 

.5525 

,4775 

i '/U 

Us 

2.1855 

,7187 

,9870 

,5294 

,4575 

2.2848 

.6875 

,944! 

.5Ci64 

,4377 

Ui'i 

2.3336 

2.5133 

.6562 

.9012 

.4837 

.4173 

1 V 

,6250 

.5337 

.8583 

.4604 

,3973 

1 /](6 

1 ]l 

2.6465 . 

.8!5o 

.4374 

,3780 

2.7325 

,5625 

.7724 

,4143 

.3581 

1 He 

1 

2.6558 

5312 

.7235 

.3913 

,3382 

2,1416 

(5000 

,6866 

.3683 

,3183 

I'Oe 

3.3510 

.4687 

.6437 

.3453 

.2984 

■ % 

3.5304 

,4375 

.107 

,3223 

.2785 

Its 

3.8666 

,4062 

lOOi'B ' 

,2333 

,2762 

.2589 

ti-'j. 

4.i88S 

.3750 


,2387 


.4720 

,2532 

,2185 


5.0205 

.3125 

.4231 

.230! 

,1989 


,2812 

,3862 

.2071 

.1730 

?10 

72 

he 

6.2852 

7.1808 

,2500 

.2137 

.3433 

,3063 

,1842 

.1611 

.1552 

,1333 

9/ 

7 8''0 

.2090 

,2746 

.1473 

1273 

75 

% 

H 

8.3775 

3,4243 

10,0531 

10,6356 

,1875 

,1666 

.1552 

,1423 

.2575 

(2146 

.1362 

.1381 

1«8 

(U51 

.1052 

.1194 

,1061 

,0335 

,0909 

i 

]2,5664 
'4 '372 

.1250 

.1716 

.1525 

.932! 

.0818 

.0756 

.0707 

79 

U 

15.7080 

(icdo 

.1373 

,0737 

.06.37 

73 

He 

15.7552 

.0337 

.1287 

.0650 

.0592 

18.8496 

.0-833 . 

,!!44 

.0614 

.053! 

u 

21.3311 

.0714 

.0381 

.0526 

,(1455 


25.1327 

,0625 

,0358 

.0460 

,0398 

/S 

35(2743 

.0555 

,0763 

.0409 

,0oii4 

no 

Ha 

31. 4159 

,051 

,0687 

.0368 

.0313 

50.2655 

.0312 

.0423 

.0230 

.0198 
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STANDARD GEAR BOOK 


T 

i-BLE 

6.— P 

ITCH 3D 

lAilE 

TEKS 

FOE 1- 

EX'. C 

lECrE 

AE Pitch 

Xuraber 

01 

Pi- 

.ch 

Num-: 
ber Qi : 

Pi1 

tch 

Num- 
ber of 

? Pi 

:ch 

Num- 
ber of 

Pitch 

cian 

’eter 


dian 

“sfiTPT 


■ dian 

lexer 


diarieipr 

teeth 



teeth : 



teetn 



T6eLh. 


S 

2 

550 

43 

13 

.687 

78 

i 24 

828 

113 

35 . 968 

9 

2 

870 

44 

14 

.006 

79 

: 25 

146 

114 

36 . 236 

10 

3 

1S3 

45 

14 

.324 

SO 

: 25 

465 

115 

36.605 

11 

3 

501 

46 1 

14 

642 

81 

1 25 

783 

116 

36.923 

12 

3 

S20 . 

47 i 

14 

961 

82 

1 26 

101 

117 

37.241 

13 


138 • 

48 ^ 

15 

279 

83 

: 26 

420 

IIS 

37.560 

14 

4 

456 

49 

15 

597 

84 

26 

738 

119 

37.87S 

15 

4 

775 

50 

15 

915 

85 

; 27 

056 

120 

38.196 

16 

5 

093 

51 

16 

234 

86 

i 27 

375 

121 

38.514 

17 

5 

411 

52 ; 

16 

552 

87 

; 

693 

122 

38.833 

IS 

5 

730 ; 

53 

16 

870 

SS 

28 

Oil 

123 

39.151 

19 

6 

043 ; 

54- i 

17 

1S9 

89 

: 28 

330 

124 

39.469 

20 

6 

.366 i 

00 ! 

17 

507 

90 

! 28 

648 

125 

39.788 

21 

6 

6S4 ; 

56 

17 

825 

91 

^ 28 

966 

126 

40 . 106 

22 

! 7 

003 ; 

57 

IS 

144 

92 

29 

284 

127 

40.424 

23 

7 

321 :i 

58 ! 

IS 

462 

93 

^ 29 

603 

12S 

40.743 

24 

7 

639 

59 

IS 

780 

94 

29 

921 

129 

41.061 

25 

7 

958 

60 

19 

099 

95 

30 

239 

130 

41.379 

26 

S 

276 

61 1 

19 

417 

96 

30 

555 

131 

41.697 

27 

3 

594 

62 

19 

735 

97 

30 

876 

132 , 

42.016 

23 

8 

913 ■ 

53 

20 

053 

98 

31 

194 ■ 

133 

42.334 

29 

9 

231 : 

64 

20 

372 

99 

■ 31 

513 

134 

42.652 

30 

9 

549 

65 

20 

690 

100 

31 

831 

135 

42.971 

31 

9 

868 ■ 

66 

21 

008 

101 

32 

148 

136 : 

43.289 

32 

10 

186 : 

67 • 

21 

327 

102 

32 

468 

137 

43.607 

33 

10 

504 : 

68 

21 

645 

103 

32 

7S5 : 

13S 

43.926 

34 

10 

S22 : 

69 1 

2i 

963 

104 

33. 

103 

139 

44.243 

35 

11. 

141 

70 : 

22 

2S2 

105 

33. 

421 

140 

44 . 562 

36 

11. 

459 

71 

22 

600 

106 

33. 

740 

141 

44.881 

37 

11 

777 

72 

22 

918 

107 

34. 

058 

142 

45.199 

38 

12 

096 

73 

23 

237 

108 

34. 

376 

143 ■ 

45.517 

39 

12 

414 

74 1 

23 

555 

109 

34. 

695 

144 ; 

45 . 835 

40 

12 

732 - 

75 j 

23 

873 

110 

35. 

013 

145 ' 

46.154 

41 

13 

051 

76 • 

24 

192 

111 

35. 

331 

146 ^ 

46.472 

42 

13 

369 

77 

24 

510 

112 

35. 

650 i 

147 1 

46.790 
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Table 7. — Tooth Heights in ST.iNi>AHD IaJo-beg. Composite System 
(H): 143^-deg. Generated Geah-tootk System Bi: 20-deg., 
Full-depth, Gear-tootk System (C;; and 20-deg. Stub- 
tooth Gear System W) 


Diiuension 


B 

C 

D 

■t ddendum 

1.04/ 

■■ 1.04/ 

1.04/ 

0.84/ 

Dedendum 

. 1 . 1 574/ 

1 1.1574/ 

1.1574/ 

1.04/ 

Working depth. 

. 2.04/ 

1 2.04/ 

2.04/ 

1 .64/ 

Whole death 

. 2.1574/ 

i 2.1574/ 

2.1574/ 

i.S4/ 

Clearance 

. 0.1574/ 

. 0.1574/ 

0.1574/ ; 

0.2-V 


M ~ module. 


Table S. — Dimensions of 20-deg. Stub-gear Teeth 
(Fellows Gear Shaper Coiupauv's Sysiem) 


Diam- 

etral 

pitch 

; Thick- 
; ness of 

i tooth, 
i . 1 ■ 

1 incnes 

1 -Addeii- 
■ dum. 

1 inches 

; Working 
; depth, 

1 inches 

Depth of 
sp.ace be- 
i low pitch 
: line, 

1 incn0s 

Clear- 

ance. 

inches 

Whole 
depth of 
TDOth, 
inches 

% 

i 

; 0.3927 

; 0.2000 



0.0500 


?7 

i .3142 

.1429 

I .2858 

1 . 17S6 

.0357 

.3214 

M 

1 .2618 

! .1250 

; .2500 

I .1562 

.0312 

2812 

J-9 

i .2244 

! .1111 

.2222 

! .1389 

.0278 

.2500 

sy 

xlO 

1 . 1963 

i .1000 

.2000 

i . 1250 



Hi 

i .1745 

. 0909 

.ISIS 

^ .]136 

.0227 

.2045 

10'' 

xl2 

i .1571 

i .0833 

1 .1667 

i .1041 


; .1875 

i?i. 

I .1309 

i .0714 

: .1429 

.0893 

.0179 

: .1607 


SPEEDS AND POWERS— SECTION 11 

Strength of gear teeth: 

W = X CP XFWX Y 

600 X SWS X CP X FW XY 


W = 
W = 
W = 
W 


600 -I- PLY 

1,200 X SWS X CP X FW XY 

1,200 + PLY 

78 X SWSX CPXFWX Y 


7S 4- VPLV 


(4a 

(46 

(4c) 




150 


200 4- PLY 


r. 4- 0.25 XCP X FW X Y Ud) 
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Table 9. — Safe Working Stress 





Tensile 

Safe stress. 


Materia 


strengih. lb. lb 

per sq. in., 




per 5Q. in. 

0 speed 

Metallic: 





Cast iron. 


. . . . 

24.000 

8.000 

Mild steel 


36,000 

12.000 

Bronze. . 



36.000 

12.000 

Cast steel 

(S.A.E. 1235) . . . 

45.000 

.15.000 

Forged steel (S.A.E. 103Q) . 

60.000 

20.000 

(S.A.E. 

1045) 


90.000 

30.000 

(S.A.E. 

3245'i 


120,000 

40,000 

Nonmeiallic 





Rawhide, 

etc 



6,000 

American Gear Manufacturers’ Association Recommendations 

Nonmetallic 



Gears 



PLV 

STTS 

PLV 1 

SWS ^ PLV 
{ 

; SWS 

100 


700 i 

2,500 1,700 

' 1.974 

150 

4,071 

800 

2,400 1,S00 

1.950 

200 

3.650 

900 

2.313 1,900 

1.929 

250 

3,500 

1.000 = 

2,250 2,000 

1.909 

300 

3,300 

1.100 : 

2,192 2,200 

1 . S75 

350 

3,136 

1,200 ; 

2,143 2.300 

1.860 

400 

3,000 

1,300 = 

2,100 2,400 

1 . 846 

450 

2,SS5 

1,400 

2,063 i 2,600 

1.821 

500 

2,786 

1,500 

2,029 ; 2,800 

■ l.SOO 

600 

2,625 

1,600 

2,000 3,000 

1,781 

- For steady 

oads on single pairs of gears. 



suddenly 

applied loads o: 

i single gears, discount 

25 per cent 

Steady Ic 

ids on gear trai 

IS beyond first mes 

i, discount 

40 per cent 

saddenFv- 

applied loads on gear trains beyond first mesh, discount-. . . . 

50 per cent 


W = 

w = 


1,200 X SWS XCPXFWXYX cos VH 
1,200 -i- PL V 

78 X X CP X FF X F X cos VH 
78 -f VW 


(4g) 


(4/) 
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Table 10. — Valees of Form Factor Y ix Lewis Formula.s 


Number ; 

of teeth j 

1 

1 

Gear-tooth svstoni 


14* o-cies. 
composite and 
generated 

2i>deg. full 
depth 

2r)-dtg. stub 
tooth 

10 1 

0.056 I 

0.064 ■ 

O.OS3 

i 

11 1 

.061 j 

.072 1 

.092 

12 i 

.067 1 

.078 * i 

.099 

13 1 

.071 1 

.083 : 

.103 

14 1 

.075 i 

.088 i 

.108 

15 1 

i 

.078 

.092 1 

i 

.111 

16 

.031 

.094 1 

.115 

17 

.084 

.096 1 

.117 

18 

.086 

.098 1 

.120 

19 

.088 

.100 

■ 

.123 

20 

.090 

.102 

.125 

21 

.092 

.104 

.127 

22 

.093 

.105 

.128 

23 

.094 

.106 

.130 

24 

.096 

.107 

.131 

25 

.097 

.108 

1 

.133 

26 

.098 

j .110 

.135 

28 

.100 

.113 

.138 

30 

.101 

.114 

.139 

35 

I . 105 

.120 

.143 

40 

i .107 

J 

.124 

.146 

50 

1 .110 

.130 

1 .151 

60 

j .113 

.134 

1 .154 

75 

j .115 

.138 

1 .158 

100 

1 -.117 

.142 

j .161 

150 

; .119 

1 

1 .146 

.165 

Rack 

1 .124 

. 154 

.175 
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Table 11. — Velocity Fa.ctoh5 


Ft. per 

BOO ; Ft. per 

1,200 Ft. aer 

/S 

min. 

600 -r PLV ; min. 

: 

1,200 +FLF min. 


100 

0.S57 1,200 

0 . 500 4 . 000 

0 . 553 


.750 1.400 

.461 4,200 

.545 


. 667 1 , 600 

.429 4.400 

.540 


.600 1,800 

.400 4,600 

.535 


.545 ■ 2,000 

.375 4.800 

.530 

600 

.500^ ! 2,200 

.353 5,000 

.525 

700 

.461 ; 2.400 

.333 5,200 

.520 

SOO 

.429 • 2,600 

.316 , 5,400 

.515 

900 

.400 2. SOO 

.300 5,600 

.510 

1,000 

.375 3,000 

. 2S6 5 , SOO 

.506 

1,100 

.353 3.200 

.273 6,000 

.502 

1.20Q 

.333 3.400 

.261 6,200 

.498 

1,300 

.315 3.600 

.250 6,400 

.494 

1,4C'0 

.300 3.800 

.240 6,600 

.490 

1,500 

.286 4^000 

.231 . 6, SCO 

.486 


.273 

7,000 

.482 

1,700 

.261 

7,200 

.479 

l.SOO 

.250 

7,400 

.475 


.240 

7 . 600 

.472 


-•^31 

7 , SOO 

.468 



s.ooo 

. 455 



S,200 

.462 



S,400 

.459 



S,600 

. 456 



8,800 

.454 



9,000 ^ 

.451 



9.200 

.448 

I 


. 9,400 : 

.446 

1 


9,600 i 

.443 



9,800 

.441' 



10,000 ; 

.438 


Horsepower formulas : 


HP 


HP 


W X PLV 
33,000 


5175 X CP X FT7 X F X PLV 
33,000 


( 5 ) 

(oa) 
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_ 0.000095 X STVS X FVi^ X F X PLV 
HP 


Limitations in load : 


?- = LC X vd 
jw 

L = LC X 

JW 

W _ 8SmO X LC" X CP 
fw PLV 32.8 


T.\BI.E 12. 1 .-.LUES OF LC” FOR UsE IN* FORMULA (6c) 

Lubricated sear teetii 



Duration of tooth contact: 

DTC = ViORr - {BCRr + V(or)- - (per)- - 


CD X sin VP 
{ 7 ) 


Normal involute pitch: 


3.1416 X BCD 
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Table 13g. — A.G.!M.A. Recosimexdatioxs for Specul Keywats 
(Dimensions in inches) 


Key 

ways : 


Width 

Depth 

1 

/’S i 

i .'*64 

H 

1 

I ^’15 ! 

\ ^16 X 

\ 

^32 

H xH^ 

/1 6 1 

0 i 

i ^32 

' ?lf) X ?16 

3/ I 

/d I 

1 1 / j 

; >’X 

: . w . 

! Is xK 

= 

9 / 

?i6 

H X Is 

?s i 

yi 2 

=s X Ws 

3 ^ 


^4 XH 


^i5 

's' X 

1 

?s 

1 X ^^4 



' 






sr 
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Table 153.~S?zclal Woodpxff Keys 
(Dimensions in inches; 



LE ioo.- 


Kninber 
of keys 


■WooDF.rFF Keys fob Shaft Dlametees 
(Dimensions in inches; 

Diameier ; Kumoer Diameter ' Xuicber 



01 iceys 


of shafr ; of keys 


14. 

17. 

20 

15, 

18. 

21.24 

18- 

01 

24 

23. 

25 


25 
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Table 

17. — S.A.E. St.^xda? 

D For 

R-SPLLXE F1TTIXG.S 




(Dimensions 

in inch 

es) 




Nominal 

Z) a 

T 

F 

h 



diameter 

Max. • 

Min. Max. = Min. 

Max. 

Min. 

Max. ; 

Min. 




Permanent Fit 






O.ToO: 

0.749: 0.637 0.636; 

0 . ISl 

0.179 

0 . 056 

0 . 055 

78 

J'S 

.8/0: 

i 

.874 .744 .743: 

.211 

.209 

. 066 

.06-3, 

107 

1 

L.GQO! 

.999; .850 .849= 

.241 

.239 

.075 

.074: 

139 


1.125i 

1.124 .956; .955 

.271 

. 269: 

.084! 

.083 

175 

IH 

1.250i 

1.249: 1.062' I.O6I: 

.301 

.299 

.094 

.093; 

217 

m 

1.37o; 

1.374; 1.169 1.16S. 

.331- 

.329 

.103 

.102: 

262 


l.oOQ! 

1.499: 1.275 1.274^ 

.361- 

.359 

.112 

.111 = 

311 

l?s 

1 . 625- 

1.624; i.SSlj 1.380. 

.391: 

.389- 

.122 

.121: 

367 

1^4 

1.750; 

1.749. i.457! 1.4S6: 

.422; 

.420; 

.131 

.130_ 

424 

2 

s 

2.000: 

1.99S; 1.700 1.698: 

.482; 

.479 

. 150! 

.I4s' 

000 

2}i 

2.250 

2.24S: 1.912 1.910 

.542 

.539 

.169 

. 167 

703 

2H 

2.500; 

2. 498; 2.125: 2.123- 

.602 

. 599 

. 187 

. 185 

S6-5 

3 

3.000: 

2 . 99S: 2 . 550. 2 . 54S 

.723 

.720 

.225 

.223 

1,249 

To Slide Wiics Not under Load 

3< 

0. /50; 

Q.749 0.562 0.561- 

O.lSl' 

0.179' 

0.094: 

0.093, 

123 

>s 

. 875 

.b<4. .6o6_ .655: 

.211 

.209 

. 109 

.103^ 

167 

1 

1 . oooj 

. 999; . 750; . 749; 

.241' 

.239- 

.125; 

.124' 

219 

Ij'S 

1.125^ 

1.124, .844! .343; 

.271 

.269 

.141: 

.140: 

277 

m 

1.250 

1 . 249: . 937: . 936 

.301: 

.299 

. 156! 

. 155; 

341 

iH 

1 .375 

1.374; 1.031 1.030: 

.331 

.329 

.172' 

.171' 

414 

iM 

1.500: 

1.4991 1.125- 1.124: 

.361 

. 359 

.137 

. 186! 

491 

iM i 

1.625: 

1.624- 1.2l9j 1.218; 

.391; 

.389 

.203 

.202: 

577 

m i 

i 

1.750; 

1.749; 1.312; 1.311: 

I i 

.422: 

.420; 

.219: 

.218: 

670 

2 ! 

2.000; 

1.998; 1.500: 1.49Si 

.482- 

.479.' 

.250' 

.24S! 

S75 


2.250 

2 . 248' 1 . 6S7 1 . 685; 

.542: 

. 5.39; 

.2si; 

.279' 

1,106 

2H 

2.500= 

2 . 498 1 . S75 1 . 873' 

.6O2; 

. 599= 

.312 

.310; 

1,365 

3 

3.000; 

2.998; 2.250! 2.24S; 

.723 

.720: 

.375; 

. 373; 

1,969 























cn oi MV ii>. 09 C/ 3 i 4 )o)Mj 
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SPUR-GEAR CALCULATIONS— SECTION IV 
3.1416 3.1-^PD 


DP = 


3.1416 

CP 


PD 


PD = ^ = 0.31S3-V X CP 


CD = 


PD -j- 'pd _ 4" n 

2 2DP 


(13; 

(14) 

(15) 

(16) 


Formulas for Standard -depth Spur Gears 

^ G.Al.A. 141-p-deg. composite. 14^2" 20-deg. involute 

fuil-depth systems) 

CP _ PD OD 
N 

1.157 


DP 3.1416 


iV4-2 


D = 


DP 


= 0.36S3CP 


WD = -4 + D = = 0.6S66CP 

C = = O.OoCP 


OD 


PD 
A 4- 2 


(!'■) 

(IS) 

(19) 

( 20 ) 


2 rA4-2)PD . o^j 

_ pn -U = i 1 — — = (i\ 4“ 2;-4 

DP - = DP -V 


= 0.31S3(JV -h 2)CP = PD 4- 0.6366CP 
ED = OD - 2WD 

3.1416PD 


N = P D X DP = 


CP 


Formulas for A.G.M.A. 20-deg. stub-tooth gears 


.4 = ^ = 0.2546CP 
D = ^ = 0.3183CP 
WD = ^ = 0.5729CP 
C = ^ = 0.0636CP 


OD = 


+ 1.6 
DP 


= 0.5092PD X DP 


( 21 ) 

( 22 ) 

(23) 


(24j 

(25) 

(26) 

(27) 

(28) 
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STRAIGHT-TOOTH BEVEL GEARS— SECTION V 
Formulas for Standard-depth Bevel Gears — Axes at Right Angles 


lan VC 
tan VI 
lan VD = 


VF = 
VB = 

AP = 
CP = 
DP = 

PD = 

D7 = 
OD 

FW = 


N 71 

— or tan vc = 

71 A 

2 sin VC A 
N AP 
2.314 sin VC D_ 
N AP 

VC V VI 
VC -VD 
PD K 


2 sin VC 2DP sin VC 
3.1416 _ 3.1416PD 
DP A’ 

N_ 3.1416 
PD 

A 

DP 


CP 

= O.SlSSiV X CP 


2A cos VC 
PD - DI 
AP oCP , 


(29) 

(30) 

(31; 

(32) 

(33) 

(34) 

(13) 

(14) 

(15) 

(35; 

(36) 


3 


or — 7 ^ (whichever is smaller’ 


Formulas for Standard-depth Bevel Gears — Axes at Odd Angles 

sin VA 


tan FC = — 


tan VC = 


^ -r cos F-4 

vc=VA - VC 

sin (ISO — FA) 


^ — cos (ISO 


FA) 


vc=VA - VC 

FC = 90 deg. VC = FA — 90 deg. 
sin FA 


tan VC = 


sm T'A — 


(3S) 


(39) 


(40) 


VC = VC - FA 
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Formulas for Parallel-depth Bevel Gears* 


pD. _ DF X AD 
■' AD - FW 

(41) 

j 1 


" DPs 

t42j 

D - 

DPs 

(43) 

WD A 

(44) 

A.G.M.A. Proportions for Generated Straight-tooth Bevel Gears 

Operating at Right Angles, Where the Pinion Is the Driver 

and Has 10 or More Teeth 


(Gleason Works System) 


Pressure angles: 

VP, Degrees 

Ratios having 14 or more teeth in pinion 

14*-i 

13-13 to 13-24 


13-25 and higher 

liH 

12-12 a^d higher 

UH 

11-11 to 11-14 

20 

11-15 and higher 


10-10 aT’d higher 

20 

Addendum: 


(Gear) 


^ value, Table 20 

" DP 

(45a) 

(Pinion) 


2.000 , 
a - - A 

(456) 

Dedendum: 


(Gear) 


D = 2-188 4 

DP 

(46a) 

(Pinion) 


, 2.1SS 

d DP " 

(4661 


^ For dimensions of parallel-depth bevel gears other than those of tooth- 
depth proportions, use formulas for standard-depth bevel gears. 



266 


STANDARD GEAR BOOK 



(Pinions — deg.. 17*2 deg., or 20 deg. VP) 
cth = CTh 


T.tBLS 20. — ADDEN'Dm Yalees for Oxe Dl?-iietr.\l Pitch for 
Diffseent Ratios 
(Gieason Works .System) 

_ . -Y number of teeth in gear 

Gear ratio = — = ; ^ i— . — • - — 

71 nuinoer o: teeth in omion 


1.00 

1.01 1 

.000 

i.lo 1.1/0 

5S0 

1.42 

1.45 0 

.760 

2.06 

2.16 0 

.640 

1.01 

1 . 02 

. 990 

1.17 1.19 

370 

1.45 

1.45 

7.50 

2.16 

2.27 

.530 

1.02 

1.C3 

. 980 

1.19 1.21 

S60 

1.4S; 

1.52 

71=0 

2.27 

2.41; 

620 

1.03 

1.04 

970 

1.21 i.23 

SoG 

1.52 

1.-56 

730 

2.41 

2 . 58 

610 

1.04 

1.05; 

960 

1.23 1 . 25 

540 

1.-56 

1.60 

720 

2 , 58 

2.73 

600 

1 . 05 

1.06 

9.50 

1.25 1.27 

•530 

l.oQ 

1.6-5 

710 

2. 78 

3.05 

590 

1.06 

i.os' 

940 

1.27^ 1.29 

S20 

1.65 

1.70 

700 

3.05 

3.41: 

-580 

l.OS 

1.09 

930 

1.29i 1.31 

SiO 

1.70 

1.76 

690 

3.41 

3.94: 

570 

1.09 

1.11; 

920 

l.SlI 1.33 

1 

800 

1.76 

1.82 

6S0 

3.94: 

4.82 

560 

1.11 

1.12 

910 

1.-33 1.36 

790 

i.S2 

1.S9 

670 

4.. ^2 

6. SI 

550 

1 . 12 

1.14; 

900 

1.36: 1.39; 

7S0 

i.S9 

1.97: 

660 

6.81 

sc 

540 

1.14 

i.is: 

890 

1.39: 1.42! 

770 

1.97 

2.06 

6-50 
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HELICAL- AHD HERRINGBONE-SPUR GEARS — SECTION VI 
Modifications of gear-tooth proportions: 


od enlarged - od ~ { '2D — 

(sin VP)- X ri\ 

2DP 

(49a) 

C'd enlarged = od + /2.4 

(sin T’?)= X n 

2DP 

(496) 


Formulas for Helical- and Herringbone-spur Gears : 

tan VPn (in normal profile plane) = tan TT X cos VH 

tan YPn 


tan 7? = 


-4 = 


cos VH 


DP 


0.7 , . . 
= ^ (mm.) 

„ 0.3 , , 

^ ^ DP ■ 


0.151 


(.mia.; 


DP 
D = A + C 
WD = 2A -VC 
DP = DPn X cos VH 
DP 


DPn. = 
OD = 
AF (min.) = 


cos VH 
X 


DP 


+ 2.4 
^22568 


DP X tan VH 
FW (parted tooth) = AF -f- GW 


(50a) 

(506) 


(51a) 

(516) 


(52) 

(53) 
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Table 23. — Backlash Limitations 
(A.G.M.A. Recominendations) 


Minimum 

mausirial 

gears 

B. inch 

Minimum 
; high-speed 
; 262.rS 

B. inch 

0.002 24 

0.003 

.002 16 

! .003 

. 003 12 

i .004 

1 

.003 10 

1 .004 

.004 8 1 

i .005 

. 005 6 

1 .007 

. i 

.006 5 j 

i 

i .003 

. OOS , 4 j 

j .010 

.010 : 3 

j .013 

.012 - 2H 

1 

.015 2 


.020 i Hi 


.030 ‘ 1 



^laximuin herringbone-iootli load; 

YX SXK 


TL = 
Y = 
K = 


DP XP 
TFW^ 

6RL 


/5 


75 - VPLV 


^ 54 ; 

(54a) 

(54o) 


Table 24. — Allo'^'able Static Steess of Material 

Material S 

High carboE or alloy steels heat treated to an elastic limit of approxi- 
mately 6Q.OOO lb. per square inch lo .OOO 

0.40 to O.oO carbon steel heat treated to an elastic limit of approxi- 
mately .50.000 lb. per squiire inch 12.500 
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Table 24. — Allotvable Static Sthe-^s oe ^I.ateeial. — ■ Cnuclu ' ii'l i 
0.40 to 0.50 carbon steel untreated v.'ith an elastic liniit of -iinroiii- 

mately 40.000 lb. per square inch Ifi.OflO 

Cast steel A.S.T.M. Class B. jalastie limit aonroxiMiatclv 30,000 ii. 

per square inch 7 . 500 

Cast iron. Tensile strength approximately 24.000 l!>. t)cr s juart- 

inch 4 ^ 000 

Bronze 88-10-2 Tensile strength approximately 27.000 IV). per souare 
inch 4.000 


Horsepower formula (Farrel-Birmingham Company) : 

S X FTF X PD- X QX C X RPM 


HP = 


1.260 


iOOi 


T.A3LE 25g. — Geae-hatekial Specific.atioxs 


2 s umber 

hlateriai 

Hardness. 

Brinell 

Pinion Steel 

IP 

0 . 40-0 . 50 per cent carbon 

175-200 

2P 

. 50— . 60 per cent carbon 

175-200 

3P 

. 50- . 60 per cent carbon 

200-225 

4P 

. 50- . 60 oer cent carbon 

225-250 

oP 

S.A.E. 3240 or equivalent 

22.5-250 

6 P 

S.A.E. 3240 or equivalent 

250-275 

IP 

S.A.E. 3240 or equivalent 

275-300 

SP 

S.A.E. 2320 case-hardened 

450-500 


Gear Steel 


IG 

Acnroximately 0 . 30 per cent carbon 


2G 

Approximately 0.40 per cent carbon 


3G 

Special 



T.able 256. — Ma.tekial Factor 

.S' 


Material 1 Gear-material specincations 


factor S \ Pinion member ■ Gear 

1 


1.0 1 IP 

IG 


1.1 ■ 2P r 

IG 


1.2 3P 

IG 


1.3 ; 4P ; 

IG 


1.4 ■ 5P 

2G 


1.5 6 P 

2 G 


1.6 i 7P ' 

2G 


2.0 ! SP ; 

3G 
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Table 2.5c. — Insta.llation' Factor Q 


roe 01 mstailaiion 


Tooth velocity, feet per minute 


1.000 to 2.000 500 to 1.000 Under 500 


Enclosed gears : 1.0 i.2 j 1.4 

Open gearing .8 1.0 1.2 


Table 2od. — Character of Lo.^.d5 C 


; 


Conditions of 

daily sendee 

Character of loads ; 

Con- 
tinuous 
24 hr. 

! 

* Con- 
i tinuous ■ 
^ 10 hr. 

Intermit- 
tent over 

5 hr. 

1 Intermit- 
■ tent under 
5 hr. 

FuU-ioad rating v^’ith shut- ; 
dowms only for repairs. . 

0.45 

■ 0.60 . 

O.SO 

1.10 

Friction loads to full motor ■ 
overloads ^ith frequent * 
power nuctuations = 

0.60 

1 O.SO ' 

1.10 

1.50 

Friction loads to part full- i 
load rating, average mn- ■ 
ning 75% fuU-load rating ; 

O.SO 

^ 1.10 ^ 

1.50 

2.00 

Friction loads to part full- ^ 
load rating with majority i 
under 50% full-load rat- ; 
ing i 

1.10 

1.50 

. 

1 

2.00 : 

2.70 


^ _ V HP X 840 
\'S XQXCX BPM 
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SPIRAL GEARING-SECTION VJl 

Formulas for Helix Angles of Right-angle Gearing : 

, vdXN , , . 

tan vh T)T\ anQ. tan v H — j w 

PD X n m X A 


General Formulas for Spiral Gearing 


VA = vh ^ VH (tooik helices of same hand) 

VA - vh VH (tooth helices of opposite hand) 
CPXN ' KPXK- ^ K 
3.1416 3.1416 cos VH NDP cos VH 


ibla) 

(576) 

(58) 


OD 

CP 

NP 

NDP 


PD + U + ^ 

3.1416PZ) _ NP 
N ~ cos VH 
CP cos VH 
3.1416 
NP 


A = 

D 

C 


L= 


NP 

3.1416 


0.o(OD 


.4 J- O.lCTh 

Q.im 

0.5.YP 

24 + O.lCWi. 

NX CP 3.1416 
tan VH DP tan VH 


PD) 


(59) 

(60) 
(61) 
(62) 



(64) 

(65) 

( 66 ) 

(67) 





PD 

’ X X 0.3183 XLP 

-V X 0.31S3 X LP 

CS2) 

TD 

i PD - 0.636Z,P 

: PD A 0.572IP 

(S3) 

OD 

TD -i- 0.4775IP 

TD - 0.31S3LP j 

CS4) 

HD 

( l.SToBD 

1.81 oBD i 

(85) 

F-j 

] A.G.M.A. StarLdard 

: A.G.M.A. Standard j 


FW 

2.38LP ~ G.25 

. 2.1.5PP - 0.2 ! 

(86) 

HE 

'■ 0.2oBD 

j 0.25PD 

(S7) 

HL 

pm - O.oBD 

- Pir -f Q.5SD 1 

(SS) 

RWF 

O.SS2iP 4- O.oo 

. 0.914LP 4- 0.55 

(89) 

RWR 

2.2LP A 0.55 

2.1LP 4- 0..55 1 

(90) 

ER 

: 0.25LP 

' 0.25LP 

(91) 

CD 

; (PDs — PDA X 0.5 

(PDj — PDA X 0.5 

(92) 

VXP 

14H deg. 

20 deg. 



Special formulas: . 

Single- and double-thread worms — 


FW = 2V(PD^ -i-A)XA-h O.oOLP (93) 

OD = PD, + 3.54 (9^) 

Triple- and quadruple-thread worms — 

FW = 2V(PD^ A) X a a- 0.2oLP (93a) 

OD(20-deg. XVP or greater) = PD, -r 2.75J. (94a) 

OD(NVP less than 20 deg.) = PD.- -f- 3JL (945) 
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Efficiency of worm gearing: 

_ tan VL(1 — f lan VL) 
f -r tan VL 

Strength of worm gearing: 

_ eOO^L’^CFF X Y) 
DP(600 + PLV) 


( 95 ) 


(96) 


Table 26 —Values of Form Factor Y for Worm Gears* 


Pitch-line veloc 
{PLVl ft. 
per min. 

hy 

Form factor Y 

i 

i i 

Allowable unit 
per 

Cast iron 

stress (Jl VS), lb. 
so. in. 

i PhosDRor bronze 

1 

0 

; 1 
! 1.000 i 

5,300 

8,000 


1 .S57 i 

4,550 

6,800 


i .750 

4.000 

6,000 


1 .667 

3 . 550 

5 , 350 

450 

1 .571 

3.000 

4,500 

600 

I .500 

2.650 

: 4,000 


* Coispued by Foote Bros. Gear and Machine Co. 


Avoidance of worm-gear tooth undercutting: 


TD enlarged (14)-| deg. VNP) = 0.937PD -- 4^ 

1 (97) 

cos VNP = - 1 

(98) 

Special worm formulas : 


PD = 2.35 X LP -f 0.4 

(99) 

LW = Lp(i.6^-l) 

(100) 

LW+LP 

(101) 
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SPIRAL-BEVEL, SKEW-BEVEL, AND HYPOID GEARS — SECTION IX 



Driving znernber 


Hand of 
spiral 


Value of axial thrust 

Arrow indicates thrusn direction of each, factor 
R^ultant direction is that of 
larger factor 


a ormala 


/ tan T'P sin VPi\ 

■ocKwise ATL = TTLl tan VS cos TtPt — ) (102n) 

\ cos "S / 

junterclock- j _ TTl( x&tl VS ecs 7Pi 4- qqo.!:.) 

.•ise \ . • cos VS J 


Right or Co 


VP = pressure angle. VPi — pitch angle. T'A = spiral angle. 


A.G.M.A. Proportions for Spiral-Bevel Gears Operating at Right 
Angles, Where the Pinion Is the Driver 

(Gleason Works System) 

Pressure angle: 

5. 6. or 7 teeth, in pinion 

S or 9 teeth in pinion 

Ratios having 12 or more teeth in pinion 

11- 11 to 11-19 

12- 20 and higher ' 

10-10 to 10-24 

10-25 and higher 

Addendum,, gear: 

For 5 teeth in pinion, 

value. Table 27 U riO-Sa'i 

DP 17 ' ' 


VP, degrees 
.. 20 
.. 17}2 
14H 

. . 1 / po 

■ . iv}i 
.. ITH 
. 14>2 
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For 6 teeih in pinion. 


^ value, Table 27 15 

-“I - j^p X 

(1036) 

For 7 or 8 teeth in pinion. 


^ value. Table 27 16 

DP ^ 17 

(103c) 

For 9 or more teeth in pinion, 


. value, Table 27 

~ DP 

(103d) 

Addendum, pinion: 


o-tooth pinion, 


1.4000 
“ = DP 

(103e) 

6-tooth pinion, 


1.5000 
“ = DP 

(103/) 

7- or S-tooth pinion, 


1.6000 
a = DP 

(1035f) 

9 or more teeth in pinion. 


1.7000 , 

a - j^p A 

(103A) 

Dedendum, gear: 


For 5 teeth in pinion. 


D = A 

DP 

(104a) 

For 6 teeth in pinion, 


D = 4 

^ DP 

(1046) 

For 7 teeth in pinion, 


D - 4 

DP 

(104c) 
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For 8 teetn in pinion, 


D = 


1.788 

DP 


For 9 or more teeth in pinion, 


Dedendum. pinion: 

5- tooth pinion, 

6- tooth pinion, 

7- tooth pinion, 

8- tooih pinion, 


1 ^88 

_ ±.^c^ _ ^ 

^ DP 


, 1.557 

a - - a 


_ 1.657 _ 

G pp 


, 1.757 

d - a 


, 1.78S 

a DP 


9 or more teeth in pinion, 


^ 1.888 

d DP ^ 


IMiole depth (gear and pinion) : 
With 5 teeth in pmion. 


FD = 


With 6 teeth in pinion, 


FD = 


With 7 teeth in pinion, 


FD = 


1.557 

"DF 


1.657 

DP 


1.757 


(104d) 


(104e) 


(104f) 


(104g) 


(104/i) 


(104i) 


(104j) 


(105a) 


(1055) 


(105c) 


np 
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With. S teeth in pinion, 


WD = 


(105a) 


With 9 or more teeth in pmion, 
WD = ^ 


Circular thickness of teeth, gear: 
With 5 teeth in pinion, 


, 1.011 , K (Table 28) 

CTn - -gp- - 0.8.1 gp 


With 6 teeth in pinion. 


. 0^_^_ ej A 

CT.i j^p , O.s.l gp 


With 7 teeth in ninion. 


CTh = _L 0 84 — 

DP ' DP 


With 8 teeth in pinion, 


1.011 K 

CTh - ^ -r 0./.1 - gp 

With 9 teeth in pinion, 

CTh , 0 . 4-4 pp 

With 10 or more teeth in pinion, 

C14M deg. VP) 

1.061 , K 

CTh = -gp- - 0.6.1- gp 


(17H deg. VP) 


cry - ■ n - 4 ^ 

CTh - -gp- - 0.-.1 - gp 


(106a) 


(1066) 


(106d) 


(106e) 


(106^) 


Circular thickness of teeth, pinion: 

For all combinations, 

cth = - CTh 


(106A) 
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Table 27.-Addsxdum Values fob Oxe Duhethal Pitch for 

Different Ratios 

(Gleason Works System; 

^ V number of teeth in gear 
Gear ratio - = — ; — 

n numner or teeth m pinion 
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The folloT^Tiig are suggested as practical limits for the machin- 
ing 01 spiral-bevel gears : 


Symbcl 

Dimension 

4 ole; 

'ance 

OD 

j Outside diameter 

tO.OOO in. 

-0 . 005 in. 

CB 

1 Crort'ii backing 

+ .000 in. 

- .002 in. 

BD 

i Bore diameter 

- .001 in. 

- .000 in. 

FW 

; Face width 

^ . 000 in. 

- .010 in. 

VBk 

: Back angle 

In 

— 15 min. 

VF 

; Face angle ; 

T- S min 

— 0 min. 


Teeth not to be high at small end. 

Formulas for Skew-bevel Gears — Straight-tooth Pinion 


PDe^^ 

(107; 

, 205 

.anT0=^^ 

(los; 

PD = 

sin VO 

(109; 

. 3.1416PZ) 

(iio; 

' 1 

II 

(iii; 

OD - PD ^ 

PD 

(112; 

(VC - VI)PD 
“ PDe 

(113; 


INTERNAL GEARING— SECTION X 
Formulas for Internal Gearing 

, _ - n _ (A- - n)CP PD - pd 

2DP . 6.2832 2 


ai4) 
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75 = PD - 2.1 = A _ 2.1 (115 

BtD = '2WD ~ ID = 2.oA + PD (116 

EPICYCLIC GEAR TRAINS — SECTION XI 



Tasle 30. — Simple Sr^■-.■.^'D'PL.»^:ET Ge.ah Velocities 
Sj-'nibols for Member Units 

Sun gear. SG. Planet gear, PG. Internal gear. IG. Carrj-ing arm, CA 
(Symbols also denote number of teeth in. or diameters of. gears) 
Function Symbols 

Staiionary member, S2I. Driving member. RM. Driven member, DM 
Carrj’ing Arm, CA 

» VSG = velocity, sun gear. VIG = velocity, internal gear. 

yCA = velocity, carrying arm. VPG = velocity, planet gear. 


SM ' RM \ DM 


Rotarv soeed per revolution of driving member 


VPG’ 


SG 

CA 

IG 

0 

IG 

CA 

SG 

I 

" ■ SG 

SG ! 

IG 

CA 

0 

CA 

IG 

SG 

IG 

SG 

IG 

SG 

CA 

- 

CA 

SG 

IG 

1 

PG 

CA 

SG 

& 

IG 

1 


1 

IG 


: IG ~SG 

I 

I 0 

' SG 
I IG-t-SG 
' 0 


SG 

IG 


1 

0 

IG 


SG 

PG 

IG_ 

PG 

IG SG 


: IG -SG^PG 
\ IG 

j PG 

\ SG m 
\ IG - ^ PG 

\ SG 

PG 


1 


0 






SGY 
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METHODS OF GEAR PRODUCTION — SECTION XIII 


Hob-iooth angle and lead: 

lan VHT 

LH 


tan TT 

(117) 

cos VHS 

nXCP 

cos VHS 

(IIS) 


MATERL4LS AND HEAT TREATMENT— SECTION XIV 

Ta3I.e 32. — ^Fohgez* axb Rolz-ed Cahbox Steel foe Gea.es 


Use 

Chem 

ical composiiion. per cent 


Carbon M; 

anganese Phosphorus 

Sulphur 


Case-hardened .... 

. . . . 0.15—0.25 0. 

4CM) . 60 0 . 045 ma.x. 0 

. 05 max. 

Untreated 

)' .25- .50 

50- .SO .045 max. ■ 

. 05 max. 


( .40- .oO 

40- . 60 . 045 msix. 

. 05 max. 

Hardened 

40- .50 . 

40- .60 .045 max. 

. 05 ma.x. 

T.^rle 33. 

. A.G.M.A. ST.-.XD.i 

•Ros FOR Steel C.xstixgs 


Chemical composition, per cent 


Use 

, Manga- 

nese 

Phosphorus 

Acid Basic 

Sulphur 


0. 1 5— 0 . “^n O. 40— 0 . 60 O.Odt^^^x. 0.05 max. 

0 . 6 max. 

Untreated or bar- 




dened 

,30 — .4:0 . -iO — . dG .OduiS-x. . Oo ms-x. 

.6 max. 


HEAT TREATMENTS OF ALLOYED GEAR STEELS 
Nickel Steels 


S.A.E. Steel 2315. 


chemical compositiox. per cext 


Carbon 0 . lO-0 . 20 

Alanganese 0 . 30-0 . 60 

Phosphorus 0.04 max. 

Sulphur 0.05 max. 


Nickel 3 . 25—3 . / 5 

^ basic onen nearch 0. Id— 0.30 

Silicon ■< electric and acid open 

I hearth O.lo mm. 


HE-AI TSEATMEXT 

(1) Normalize at 1650— 1750 "F. 

(2) Carburize at 1600— 1650”F. 
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;3, Quench from box in oil. 

,4’: Reheat to io00-i550'F. 

(5; Quench in oil. 

(6; Reheat to 1350-1400=F. 

(7) Quench. 

(S) Draw at 2oO-5QO'F. 

S.A.E. Steel 2320. 

CHEMICaI. COMPOSIT-OX, PER CEXT 

Carbon 0.15-0.25 Xickei 3.25-.3.7.5 

Manganese 0 . 30-0 .60 ^ basic open hearth 0 . 1.5-0 . 30 

Phosphorus 0.04 max. Silicon < electric and acid open 

Sulphur 0.05 max. / hearth 0.15 min. 

EEaT TREaTIISX'T 

(1) Xormalize at 1650-1 750'"F. 

(2; Carburize at 1 600-1 650^F. 

(3) Quench from box in oil. 

(4) Reheat to 15GCi-1550T. 

(5) Quench in oil. 

(5) Reheat to 1360-1400°F. 

(7; Quench. 

(S) Draw at 250-500'F. 

S.A.E. Steel 2350 (For gears of large section). 

CKEli:C.4L COMPOSITroX, PER CEXT 

0 . 4-5-0 . 55 Xickei 3 . 25-3 . 75 

0 . 50-0 . SO basic open hearth 0.1 5-0 . 30 

0.04 max. Silicon electric and acid open 
0.05 max. hearth 0.15 min. 

HEAT TRE.ATMEXT 

(1) Xormalize at 1600-1650'F. 

(2) Reheat to 1375-1425T. 

(3) Cool in furnace. 

(4) Machine. 

(5) Reheat to i400-1450'F. 

(6) Quench in oil. 

(7) Draw to required hardness. 

XlCKEL-GHROMIuM StEELS 

S.A.E. steel 3115. 

Carbon 

Manganese 
Phosnborus 
Sulphur 


CHEMICAL COMFOSITIOX, PER GEET 

0.10-0.20 Xickei 1.00-1.50 

0.30-0.60 Chromium 0.45-0.75 

0.04 max. ^ basic open hearth 0 . 15-0 . 30 

0.05 mas. Silicon*: electric and acid open 

/ hearth ■ 0.15 min. 


Carbon 

hlanganese 

Phosphorus 

Sulnhur 
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HEAT TREATMEXT 

(1) Normalize ar 1 350-1 750“F. 

(2) Carburize at 1325-i675*F. 

(3) Cool in box. 

(4) Reheat to 1400— 14oO’F. 

(5) Quench. 

(6) Draw at 250-500'F. 

S.A.E. Steel 3215. 


CHEIIICAL COilPOSITIOX, PEE CEXT 


Carbon 0.10-CK20 

Manganese 0.30-0.60 

Phosphorus 0.04 max. 

Sulphur 0.045 max . 


Nickel 1.50-2.00 

Chromium 0 . 90-1 . 25 

j basic open hearth 0.1 5-0 . 30 


Silicon*; electric and acid ooen 


heat TEEATitSX'T 

(1) Normalize at 1650-175Q*F. 

(2) Carburize at 1625-1675'F. 

(3) Cool in box. 

(4) Reheat to 1 373-1 425“F. 

(5) Quench in oil. 

(6) Draw at 250-500T. 


S.A.E. Steel 3260. 





CHEMICAL 

COMPOSITIOX. PER CEXT 


Carbon 

0 . 45-0 . 55 

Nickel 

1.50-2.00 

Manganese 

0.30-0.60 

Chromium 

0.90-1.25 

Phosphorus 

0 . 04 max. 

^ basic open hearth 

0.1-5-0.30 


0 . 045 max. 




/ hearth 

0.15 min. 

S.A.E. Steel 3336. 





CHEMICAL 

COMPOSITIOX. PER CEXT 


Carbon 

0.30-0.40 

Nickel 

3.25—3 .75 

Mf> nganese 

0.30-0.60 

Chromium 

1 .25-1 .75 

Phosphorus 

0 . 04 max. 

^ basic open hearth 

0 , . 30 

Sulphur 

0 . 045 max. 

Silicon < electric and acid open 




/ hearth 

0.15 min. 


HEAT TREATMEXT 

(1) Normalize at 1 600-1 700'P. 

(2) Reheat to 1200-1250“F. 

(3) Cool slowly in furnace. 

(4) Machine. 

(5) Reheat to 1425-1475"F. 

(6) Quench in oil. 

(7) Draw to required hardness. 
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S.A.E. Steel 3415. 


chemical composition, peh cent 

Carbon 0.1 0—0 . 20 Xickel 2 . 75-.3 . 25 

Manganese 0 . .30-0 . 60 Chromium 0 . 60-0 . 95 

Phosphorus 0.04 max. oasic op-en hearth 0.15—0.30 

Sulphur 0 . 045 mas. Silicon eiee trie and acid open 

nearih 0.15 min.. 


HE-i-T TRE.VTMENT 

(1) Xorn-Elize at 1650— IT-SO'T. 

(2) Carburize at 1600-1650'F. 

(3) Cool in bos. 

(4) Reheat to 140a-1450=F. 

(5) Quench in oil. 

(6) Draiu at 2o0-500T. 

S.A.E. Steel 3450. 


Carbon 

Manganese 

Phosphorus 

Sulphur 


CEEMIC.^L COMPOSITION. PER CENT 

0 . 45-0 . 55 Xickel 2 . 75-3 . 25 

0.30-0.60 Chromium 0.60-0.95 

0 . 04 max. ^ basic open hearth 0.1 5-0 . 30 

0 . 045 max. SiiiconK electric and acid open. 

I hearth 0.15 min. 


HE.CT TP.E.A.TMENT 

(1) Xormalize at 15-50-1650T. 

(2) Reheat to 1250-1300'F. 

(3; Cool slon-ly in furnace. 

(4) Machine. 

(5) Pieheai to 1400-i450"F. 

(6) Quench in oii. 

(7; Drav.- to required hardness. 

Molybdenum Steels 


S.A.E. Steel 4616. 


Carbon 

Manganese 

Phosphorus 

Sulphur 


CHEMICAL COMPOSITION. PER CENT 

0.10-0.20 Xickei 1 . 50-2 . 00 

0 . 30-0 . 60 Molybdenum 0 . 20-0 . 30 

0 . 04 max. ^ basic open hearth 0 . 1-5-0 . 30 

0.05 max. Silicon electric and acid open 

r hearth 0.15 min. 


heat TREATMENT 

(1) Xormalize at 1650-1750"F. 

(2) Carburize at 162.5-1675"F. 
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(3; Cool in box. 

(4, Reheat to 1475-1.525T. 
i5\ Quench. 

(6; Draw at 250-500'F. 

CHHOMiuif .Steels 

S.A.E. Steel 5120. 

CEE-MICAE COMPOSITIOX. PER CEXT 


Carbon 0.1.5-0.25 Chromiuni 0.60-0.90 

Manganese 0.30-0.60 ^ ba.sic open hearth 0.1 5-0 . 30 

Pnospiiorus 0.04 max. Silicon < electric and acid onen 

tuipnur 0.05 max. / iiearta 0.15 min. 


HEAT TRE.\TiIEXT 

(i; Xormalize at 1600-1700'F. 

(2; Carburize at i6.50-i700“F. 

(3) Cod in box. 

(4) Reheat to 1525-ic75"F. 

(5) Quench. 

(6) Draw at 250-500”F. 

CHEoiricii-vAX.ADioi Steels 

S.A.E. Steel 6120. 


CHEMICAL COMPOSITIOX. PER CEXT 


Carbon 0.1 .5-0 . 25 

Manganese 0 . 30-0 . 60 

Phosphorus 0.04 max. 

Sulphur 0 . 045 max. 


Chromium 0 . SO-i . 1 0 

Vanadiuru. . 0.15 ruin. -0. IS min. desired 

^ basic open hearth 0.1 5-0 . 30 

Silicon -{electric and acid open 

/ hearth O.iomin. 


heat treatment 

fl; hsormalize at 1650-1750'F. 

:'2) Carburize at 16-50— 1700T. 

(3) Cool in oox. 

(4) Reheat to 1.525-1575*F. 

(5) Quench. 

(6) Draw at 250— 500'F. 


S.A.E. Steel 6150. 


CHEMICAL COMPOSITION. PER CENT 

Carbon 0 . 45-0 . 55 Chromium 0 . 80-1 . 1 0 

Manganese 0.. 50-0. 80 Vanadium.. 0.15 min. -0. IS min. desired 

Phosphorus 0 . 045 max. ^ basic open hearth 0.1 5-0 . 30 

Sulphur. 0.05 max. Silicon-: electric and acid open 
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(1) Normalize at 1650-1750T 
(2; Reheat to 1250-1350'F. 

(3) Cool slowly. 

(4) Machine. 

;5; Reheat to 1525— 1625“F. 

(6) Quench in oil. 

(7) Draw to required hardness. 


SinicoiiAWGAXEsi: Steels 


S.A.E. Steel 9260. 


CHEillCAL COirPOSITIOtr. PEE CEXT 

Carbon 0 . 55—0 . 65 Silicon 1 . 80—2 . 20 

Manganese 0.30-0.90 basic open hearth 0.15-0.30 

Phosphorus 0 . 045 max. Silicon electric and acid open 

Sulphur 0.05 max. hearth 0.15 min. 


HE.iT TREATMEXT 

(1) Normalize at 1650-1750T. 

(2) Reheat to 1400-1450‘'F. 

(3) Cool slowly 

(4) Machine. 

(5) Reheat to 1600-13o0=F. 

(6) Quench in oil. 

(7) Draw to required hardness or tests. 

BRONZE AND BRASS CASTINGS FOR GEARS 

Per Cent 


Copper S6— 89 

Tin 9-11 

Zinc 1- 3 

Lead (max.) 0.20 

Iron (max.) 0.06 


lABLE 34. — A.G.M.A. Staxdaed Beoxzes foe Woeii-gear Rims 


Variety 

; Cneraic 

al comnos'tion. per cent 

! Copper; Tin 

Phosphorus' Lead 

! Zinc and 
impurities 

Phosphor-bronze. . . . 

. . ■ 88-90 1 10-12 

1-3 

0.50 max."^ 

Leaded gun ^mtal. . . 

. S3-S9 1 9-11 

0.25 max. ' 1—2.5 

. 50 max. 


; 1 




* Includea any lead. 


TaISLK :{5.- A.(|.IVI.A. R'l'ANDAimS K’OII BuHIIINUK and 'I<YAN<i)OT 


A.PPENDIJL 
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CD = 01 - BE 
700 = VBE - VOE 


(123) 

(123a) 




TL (chord) = 0DX sin 


7TL 



O 
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ROLLED GEARING— SECTION XVI 
Formulas for Bevel-gear Die Rolls 




ODD {A A C) 

DD + DC = 

(125) 

_ ODD X -1 

LIU pjy 

(126) 

DFW = ZE X FW a- 0.125 

(127) 

180 des. 

TSW = 2FCD X sm 

(128) 


VBO and VBI are arbitrary v-itMn reasonable limits. 


6:2BZ2PCD 

^ "P fractiuii CP 

(bevel die rolls) 

(129) 

6.2S32PCD 
^ " CP 

(crown die rolls) 

(129a) 

N = largest whole number. 



EPD - ^ (bevel die rolls) 

DP 

= 6.2832PCD X ZE (crown 

die rolls) 

(130) 

(130a) 
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;in VC 

ZE X A , 1- 

PCD X DP 

(131) 

VC 

90 deg= (crovrn die rolls) 


VO 

= 90 deg. — FC 

(132) 

VF 

: VC A- VA (bevel die rolls) 

(133) 


: 90 deg. + VA (crown die roils) 

(133a) 

RD 

: PD - 2(^ + C) sin VBk 

(134) 

RCD 

Q.oRD 

■ sin rVC - VD) 

(135) 

FCD 

= ZE X RCD + 0.0625 (bevel die rolls) 

(136) 


Q.oODD f j- r ' 

==r-r (crown die rolis ; 

cos T'..! 

(136a) 

ODD 

= 2ZE X cos (90 deg. — TFl) 

(137) 

IDD 

ODD — 2DFW X cos (90 deg. — VF) (bevel die roll) 



(133) 


ODD — 2DFW X cos VA (crown die rolls) 

(13Sa) 

DAC 

PD X sin FS (helical bevels) 

(139) 

DDAC 

ZE X DAC (helical and herringbone bevels) 

(139a) 

NTS 

FSIF X cos FS (helical and herringbone be 

veis) 



(140) 

PC 

= ZE\/(PDy- (PD+PDI)PFW- 

(141) 

PTS 

NTS X PC 

ODD 

(142) 
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Formulas for Spar-type Die Rolls 



J = 24DP T 1 
ZE X -Y 


EPD = 


DP 


(130) 

(127) 

(126a) 


DFW = ZY X flF 0.125 
DD = 0.3183C? X ZE 
DD^DC = 0.36S3CP XZE 

(ri = 1.1 X C? (helical aiid herrinabone gears) (144) 
GA 


4* -vA 


Z.LT.- 

FW 


(helical gears) 


(herrinsbone gears 


m 


(145a) 




INDEX 


ActioD. angle qi. 13 
conjugate gear looth. 2 
Active tooth profile. 13 
Addenda (corrected), gear teeth, iS-20 
circular pitch. Table 3. 20. 245 
diametral pitch. Table 2. 19. 243. 244 
Addendum, 13 

values tor one diametral pitch, spirai-beve! gears. Table 27. 134. 2S1 
straight-tooth bevel gears. Table 20. 77. 266 
Alloyed gear steels, treatment of. 200-204 
Angle, action. 13 
addendum section. 2 IS 
approach internal gears. 158 
axes, 99; 100 

bevel, inner bevei-for^ng die m'l, 232 
outer, bevel forging die roll, 232 
bottom (cutting). 71 
center, bevel gears. 71 
decrement, bevel geam, 71 
face, bevel gears. 71 
hob-setting. 187 
hob thread; 187 
increment, bevel gears. 71 
lead, worm gear. 112 
normal pressure, worm. 112 
onset, die roll, rolled bevel gears, 232 
skew-bevel gears. 138 
pitch, spiral-bevel gears, 129 
pressure. 14 

normal, heKcal and herringbone gears. 87 
recession, internal gears, 15S 
spiral, spiral-bevel gears. 12S 
test. 218 

Apex distance, bevel gears. 71 
Arc, action. 67 
approach, 67 
recession, 67 

Axial thrust-load, spiral-bevel gears. 129 

301 
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B 

Back angle ^cutting), bevel gears. 71 

Backlash. A.G.M.A. recommendations for helical anci herringbone aears. 91 
limitaiions. A.G.M.A. recommendations. Table 23. 91. 270 
and machining tolerances, sniral-bevel gearing, 137 
Barth. Carl G., 3S ’ ’ 

Base circle. 4. i.3 

Basic rack. 143 - 5 -deg. composite system, 17 
1432-deg. generated gear-tooth sj'steni. 27 
20-deg.. full depth, gear-tooth system, 27 
20-dcg. stub-tooth gear system. 28 
Bevel angle, inner, bevel-forging die roll. 232 
outer, bevel-forging die rcil, 232 
Bevel die roll, 229 

Bevel gear, form factor Y (Lewis formulas) for generated teeth (Gleason 
Works System), Table 22, SO, 268 
nomenclature, 69 
rolled, detail of, 232 
Bevel gearing, efficiency of. S3 
master-form, 78, S1-S3 
production economies, master-form, S2 
Bevel gears, generated. 74-78 
formulas. 77, 78. 265, 266 
parallel depth, 73 
formulas. 74. 265 
standard depth, 70. 71 
axes at odd angles, 72. 73, 264 
Sling, 71 

forntulas, 71, 72, 264 
Bore diameter. 49 
Borents and tolerances. 60, 31 
Bottom (cutting; angle, bevel gears, 71 
Bronze and brass castings for gears, 204 
composition. 292 

Bronze bushings, A.G.M.A. standard, Table 35. 206, 293 
flanges, A.G.M.A. standard. 206 
Bronzes for worm-gear rims. Table 34. 205, 292 
Bushings, bronze A.G.M.A. standard. Table 35, 206. 293 

C 

Carbon steel, forged and rolled, for gears. Table 32, 197, 2S7 
Carburizing process. 197 
Cs.rrviii'^ urm. bdic’^-'cIic 2ss.r Trs-iris, 163 
rotary speed, 164. 16S. 172. 173-175 
Case hardened gears, suitability of, 197 
Castings, bronze and brass, for gears, 204 
conmosition. 292 

steeh A.G.M.A. standards, Table 33, 199. 287 
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O. 


T 


Cente 


C 



involute sy~T^iii, 


4 


spacing, Sexibility in invoiute system. 4 
Character of load facior (Farrei-Binningham Company;. 
Check dimension. 216. 217 
Chordal addendum. iS-20 
Chordal thickness, involute gear teeth. 15-20 
circular pitch. Table 3. 20. 245 
dianietra.1 pitch. Table 2. iQ. 243. 244 
measurement of. 209. 2i0 


Table 2 


reduction in. spiral bevel gearing, 137 
Chromium steels, heat treatment. 203 
Chromium- vanadium steels, heat treatment. 20.3 
Circular pitch. 13 

relation to diametral pitch. Table o. 25. 247 
Circular tooth, thickness, spiral-bevel gears. Table 2S. 135, 2-S2 
values of K (Gleason Works System}, Table 21, 79, 267 
Clearance. 13 


Coefficient of expansion, rolled gearing. 232 

Comparative sizes of gear teeth, standard 14h2-deg. invoiute forms. 
Composite diametral pitch. 28 
Composite test, 220 

Compound gear, driven member, epicyelic gear trains, 169-175 
driving member, epicyelic gear trains, 169-175 
Concentricity, measures of. 20S 
Conjugate gear tooth action. 2 
Corrected addenda of gear teeth. IS— 20 
CrQv,-n backhig. bevel gears. 71 
Crown die roll, 229 
Cutter, pinion ttme. ISS 
rack tooth, 190 

Cutters, standard 14h^-deg. involute millins. Table 1, 16. 242 

Cutting Williams iirtemal gearing, cost ef. 161. 261 

Cycloidal curves, 3 

Cvcloiaai aear tooth, 3 

Cycloidal system of gearing, 3 

Cycloidal tooth, generating, 3 


95, 272 


21-23 


D 


Decrement angle, bevel gears. 71 
Dedendiim. 13 

Diameter increment, bevel gears, 71 
Diametral pitch. 13 
composite, 2S 
inner, bevel sears. 73 
normal, helical gearing. 87 
relation to circular pitch. Table 4. 24, 246 
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Die clearance, rolled gears. 232 
Die roll, bevel. 22Q 
crov.-n. 229 
spur type. 230 

forniuias. 234. 299 
Die-roli lormuias, 232—234 > 

Die-roll teeth, masreiviorm, 224 

Die rolls, helical and herringbone, 231, 232 

Dimension, check, 216, 217 

Discard gage. A.G.hl.A.. for tooth proportions. 209 
Disk-grinding generation, requirements for. 192. 193 
Driven member, epicyclic gear trains,. 164—17-5 
velocity. 165—17-5 

Driving member. epicycKc gear trains. 164—175 
velocity. 165—17-5 
Duration tooth contact. 46 
formula. 46, 2-5-3 


E 

Economies, production, master-form bevel gearing. S2 

Edge contact, circumventing, 214 
correcting, 214 

Edge round, -n-orni gears. 113 

Effective pitch diameter, die roll, rolled bevel gears. 232 

Efficiency.-, gear. 47, 4S 
bevel, S3 

helical and heriingbone, 97, 9S 

spiral, 109 

spiral-bevel. 12S 

spur, 66 

v.-orm, 117. 118 

Epicyclic drive, compound spur gear. 169 
v.-ith two internal gears, 173—175 
simple internal gear, 166 

tvith intermediitts pinion, 167 

Epicyclic gear trains, 163—175 

Epicycloid. -3 

Equivalent pitch diameter, skev,--bevel gearing. 1-39 
formula. 140, 284 

Expansion, coefncient-. rolled gearing. 232 


Face angle, bevel gears. 71 

Face-cone distance, rolled bevel gearing. 229 
Face length, worm, formula. 124. 276 
Face width, bevel gears, 71 
Factors, velocity. Table 11. 41. 252 
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Fellows stub-gear teeth dimensions, 2Q 

Flanges, brass. A.G.M.A. standard. Table 35, 206. 293 

Forging gear reeth. 223 
Form factor, for worin gears. 120 
Y. Lewis formulas. 40 
spiral-bevel gear teeth. Table 29. 136. 283 
value of. Table 10. 40. 251 
worm gears. Table 26, 120. 276 
Form milling of gear teeth. 15 
Formulas, bevel-gear die rolls. 233. 234. 297. 29S 
crown die rolls. 233. 297. 2QS 
bevel gears, generated straighi-tooth, 77. 78. 265 
parallel depth. 74. 265 
standard depth. 71-73. 264 
duration tooth contact. 46. 253 
gear proportioas and design. 40. 51. 254 
helical and herringbone spur gears. 90. 9i, 269 
helix angle, right-angle spiral gearing. 102. 105, 273 
hob-tooth angle and lead, 187, 2S7 
horsepower, 42, 252. 253 

Farrel-Birminghain Compant*, 93-95, 271 
internal gearing, 147. 284, 2So 
load limitations, 43, 253 
load transmitted. 37-42. 250-253 
normal involute pitch, 47. 253 
number of teeth in contact. 47, 254 
pin measurement, spur gears, 211, 212. 294 
pitch diameter (Farrel-Birmingham Company). 94. 272 
profile testing, 217. 295 

skcw-bevci gears, straight-tooth pinion, 140, 2S4 
sniral gear, general, 105, 273 
spiral-bevel gearing, thrust, 130, 277 

spiral-bevel gears operating at light angles. A.G.M.A. proportions. 

131-136, 277-280 
.spur-gear calculations. 67. 263 
snur-tvme die rolls. 234. 299 

standard-depth spur gears, A.G.M.A. 14’2~deg. composite, 14*-^- and 
20-deg. involute, full depth, systems. 6S. 263 
strength of gear teeth, -37, 33. 249 
stub tooth, A.G.M.A., 20-deg., 68. 263 
test measurement, circular pitch thicltness, 210. 294 
tooth form. 11. 242 
top land. 219. 296 
worm, special, 124, 276 
standard, 112, 274 
undercutting avoidance, 123. 276 
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Formulas, 'srorm gearing, efficiency. US. 276 
strength. ii9, 278 
worm gears, standard. 113. 275 


G 

Gear advance, helical and herringbone rolled gears. 2-34 
Gear efficiency. 47. 4S 
bevel, S3 

helical and herringbone, 97. 98 

spiral, 109 

spiral-bevel, 128 

spur, 66 

worm, 117. ilS 

Gear-hole tolerances. A.G.M.A. standard. Table 16, 62. 259 
Gear material specincaiions (Farrel-Birmingham Cornnanv) 
271 

Gear production mezbods, 185-195 
proportions. 50-54 
and design. 49-85 
Gear ratio, 31 
v-'orm gearing, 120 
Gear rolling process. 225-227 
Gear teeth, grinding. 191-193 
helical gears. 85. 86 
herringbone gears, 86 
hobbing. 185-1 SS 
lapping, 193-195 
planing, lSS-191 

with rack-shaped cutter. 190, 191 
wear of , 42-47 
Gear-tooth prohle tester, 219 
Gear-tooth spacing cheek. 212-214 
roll-t v-pe tester. 213 
Gear-tooth systems, generated, 17 
Gear units. 126-134 
combination and angle drives, 1S3, 184 
ratio limitations overcome. 184 
with parallel shafts, 179-182 
with shafts in line, 177-179 
Generated gear-tooth systems, 17 
Grinder wheels, automatic adjustment for wear, 192 
Grinding gear teeth, 191, 193 
form, 191 
generation, 192 

Groove depth, herringbone gears. 90 
Groove v-ndth, herringbone gears, 90 
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H 

Heat-treated st&eis. 196-200 
Heat treaiineai. of alicyed gear steels. 200-204 
of chromium, gear steel, 203. 291 
of chromium-vanaditira. 203— 2Q1 
of molybdenum. 203. 2QQ 
of nickel. 200. 237 
of nickei-chromium. 201. 2SS-290 
of silicomansanese. 204. 292 
Helical gear teeili. 85. -36 
Helical and herringbone die rolls. 231. 232 
Helical and herringbone spur gearS; S5-9S 
efficiency. 97. 98 
formulas. 90. 31. 269 
noise and •'.'ibration. 96,- 97 
terminology. 90 

tooth proportions, modineations in. SS 
Helix a.ngle. liniitation.s, helical gearing. S6. S7 
selection, spiral gearing. 1Q2 
■ccorm gearing. 117 
Helhx leads, spiral gearing. 102-104 
Herringbone gear, commercial horsepower for. 93-95 
Herringbone gear teeth. 86 
strength. 93 
varieties, 89 

Hob. advisable cutting speed, 188 
angular setting limitations. 187 
diameter, selection of, 1S8 
Hobbing gear teeth, requirements in, 1S6 
Hob-tooth angle, formula for, 1S7. 2-57 
Horsepower formulas. 42, 252, 253 

commercial, herringbone gears. 93—95. 27i 
Hub, gear, proportions, 67 
Hyperboloid of revolution. 138 
Hypocycloid, 3 
Hj’poid gears. 143—145 

in automobile dinerentials, 145 


Increment angle, bevel gearing. 71 

InstaHation factor Q (Farrel-Birmingham Company). Table 25c. 93-95. 271 
Interference. 7. 13 
Internal gearing. 146—162 
advamtages of. 146 

comparison of paths of point of contact, 152—154 
formulas, 147. 284, 2S5 
limitations. 146 
wear of teeth, 157—159 
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IniGrns-l gGurs. 147—150 
fouling of teeth. 14S 
oinion cutters. 14S 
strength of pinion teeth, 154r-157 
tooth contact loss, 147, 14S 
tooth interference, 148. 149 
trimming teeth, 149 
Involute. 4 

Involute curve generated by straight line. 5 
lajmg out. / 

traced by umvinding string. 5 
Involute gear tooth. 2 
Involute gearing, interference. 7 
Involute milling cutters, standard. Table 1. 16, 242 
Involute system. 2 
angle of obliquity. 4 

comparison tvith cross-belt pulleys. 4 
path of contact, 4 

K 

K (velocity factor) for circular tooth thickness (Gleason Works System';. 

spiral bevel gearing, Table 2S. 135, 282 
Kennedy keys, 5S 

Key and ketnvay standards, A.G.M.A., Table 13. 56, 254-255 
taper, proportions. Table 14. 57, 256 
Keys, and kejtvays. Tables 13, 13a, 12c, 14, 5.5-57. 254-256 
Kennedj', 58 
standard, 55 
taper, 55 
WoodruE, 58 

special, Table 15c, 59. 25S 
standard. Table 15, 58, 257 
Woodruff, for shaft diameters, Table 156. -59. 253 
Keyways. ffileted. 57 

special, A.G.M.A. recommendations. Table loc, 56, 255 


Lanping gear teeth. 19.3-195 
Lead; hob, 1S7 

normal helix, spiral gears, 103 
Lead angle and efficiency, tvorm gearing. 118 
Length of worm. 124 
Levis, Wilfred, 37 
Line of action, 13 
Linear pitch, verm gearing. Ill 

Load; maximum, herringbone gear teeth, formulas. 92. 93. 270 
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formulas, 43, 252, 253 
Table 12, 44, 253 

Loads, character factor (Farrel-Binningham Company), Table 25d. 95, 272 
Long and' short addenda svsi&rn of aear teeth. 29 

M 

Machining internal gear teeth, Wiliiams system, 161, 162 
Master-form bevel gearing. 78, 81-83 
production economies. 82 
Master-form die-roll teeth. 224 

sv5L0ni 22-*- 22o 

Material factors (Farrel-Birmingham Company). Table 25b, 95, 271 
Materials and heat treatment. 196-206 
Maximum outside dianieter of involute gears. 9 
hleasurement of sear teeth. 207 — 222- 
chordal tooth thickness. 209, 210 
concentricity, 2GS 
profile curvature, 214, 220 
test. 216. 217 

tliickness and spacing of gear teeth, 208-210 
Methods of gear production, 185-195 
Milling cutters, standard involute, 16 
Miter gears. S4 
Module. 13 

Molybdenum steels, heat tfeatnient. 203 
Mounting distance, bevel gears, 69 


X 

Xickel-chromiuni steels, heat treatment. 2Q1. 28S. ’2S9 

Xickel steels, heat treatment. 200. 201, 287 

Noise and vibration, helical and herringbone spur gears. 96, 97 

Xonmetallic gearing. 54, 55 

Xonplanetary gear units, 175 

Normal diametral pitch, helical arrangement of gear teeth. 87 
circular, 103 
involute. 13 

uniformity of involute. 213 
WO nil fTOEring. 122 
Normalizing process, 19S, 199 


O 


Octoid tooth. 75 

Odometer. 213 

Onset, skem-bevei gears. 138 

Onset angle, die roll, rolled gearing, 232 

Outer circle, maximum, for mating gears. 11. 242 
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Parallel-depth bevel gears. 73 
formulas, 74. 265 

Parting circle, rolled herringbone gears. 231 
Path of aciion, 13 

Pin measurement of spur gears. 210-212 
pin. test, diameter, 211 
Pinion-type cuiier. limiting diameter. 1S9 
rotarj.’, ISS 
Pitch, circular. 13 

diameter for 1-in. circular pitch. Table 6. 26, 24S 
diameter, eiiective. die-roll, rolled-bevel gearing, 232 
equivalent, sketv-bevel gears. 139 
diametral, 13 
composite, 28 
inner, bevel gears. 73 
normal, helical gearing. 87 
relation to circular pitch, Table 4, 24, 246 
normal involute. 13 
uniformity of involute. 213 
Pitch circle. 14 

Pitch and pressure angle relationship, helical and herringbone gear teeth. 87 
Pitches, skew-bevel gears, 139 
Planetar}' gear units. 177. 17S 
Planing gear teeth, 1 38-191 
pinion cutter, iSS 
rack-shaped cutter, 190, 191 
Power ratio, 33-37 
Pressure angle. 14 

Pressure components, involute gears, il 
Production of gears, 14 
methods, 185-195 

Production economies, rolled gearing, 227. 228 
Profile curvature corrections. 220—222 
Profile test measurements, 216. 217 
Profile testing. 214^220 
Proportions, gears, 50-54 

spiral-bevel gears operating at right angles. A.G.M.A., 131-136 
Proximity of pinion, limiting, to involute rack, 11. 242 

Q 

0. installation factor (Farrel-Birmingham Company). 

Quenching in heat treatment, 198 

R 

Rack, basic, 14;'2-deg. composite st'stem. 17 
14J-f-deg. generated gear-tooth system, 27 


Table 25c. 95, 271 
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Racic. oasic. 20-deg.. full depth, geai^iooth svsteiu. 27 
20-deg. stub-tooth gear system. 2S 
Ratio, pov- er. 33-37 
speed. 31-33 

Redressing aie-roils. 230. 231 
Roll-type geai^iooth tester. 2i3 
Rolled bevel gear, detail of. 232 
Rolled gearing. 223-234 
design, 228-230 
production economies. 227. 223 
Rotation, direction of. 30. 31 
spiral gearing, 109, 110 

S 

Safe working stress. Table 9. 39, 250 
Self-Iockinec worm and sfears. 125 
Silieomanganese steels, heat treatment. 204, 292 
Sizes (comparative) of gear teeth, standard i43-i-deg. involute forms. 21-23 
Skew-bevel gearing, gear and pinion askew, 142, 143 
Sketv-bevel gears, 138-143 
exampie in design, 141 

formulas, straight-tooth pinion tj-pe, 140, 284 
pitches, 139 

Spacing of gear teeth, errors in, 212 
Speed ratio, 31-33 
relationship, spiral gearing. 100-102 
Speed reducers, 176-183 
nonplanetary. 176 
planetar}', 177, 178 
spur gear. 179 
worm gear. 1S2. 1S3 
Speeds and Powers. 30-4S 

Spiral angle and thrust load, spiral-bevel gearing. 128-130 
Sniral-bevel gear teeth, form factor F ;GIeason Works System). Table 29, 
136, 283'’ 

Spiral-bevel gearing, 126 

addendum values (Gleason Works System), Table 27, 134, 281 
advantages of, 127 

backlash and machining tolerances, 137 
emcienc}', 128 

reductioii in chordal tooth-thickness, 137 
strength of. 127. 123 

values of K (Gleason Works Systent) for circular tootli-thiekness. Table 
23, 135, 2S2 

wearing oualities. 127. 128 
Spiral gear, emeiency, 109 
problem in design, 106, 107 
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Spiral eearins. 99 — 110 

application of lomiulas. 10-5—109 
direeiioii of rotation and thrust. 109. 110 
formulas, general. 105. 273 
helix angle selection. 102 
helix leads, 102—104 
speed-ratio relationships, 100—102 
Spline fittings. S.A.E. standard, (^spline). Table 17. 63, 260 
(6-spline), Table 18. 64, 261 
C 10-spline). Table 19, 65, 262 
Spur gear, calculations, 66-68 
relationships, 67 
tooth parts. 12 
units. 179 
Spur gears, 65 

l4V:2-deg. composite system, 17 
formulas. 68. 263 

14t2-deg. generated gear-tooth system, 27 
formulas, 68. 263 

20-deg., full depth, gear-tocth st-stem, 27 
formulas, 68. 263 

20-deg. stub-tooth gear system, 28 
formulas. 6S. 263 
pin measurement of 209-212 
Spur-type die roil, 230 

Static stress of materials, allotvable, Table 24. 93, 270. 271 
Steel castings, A.G.M.A. standards, Table 33. 199. 287 
Steels, gear, chromium. 20-3. 29i 

chromium-vanadium. 203—204, 291—292 
molybdenitm. 20-3. 290—291 
nickel, 200-201, 2SS-290 
nickel-chromium, 201—202. 288—290 

Straight-tooth bevel gears, 69—84 
Strength of gear teeth, 37-^2, 249 

pinion teeth in internal gearing. 154—157 
worms, 119 

Sun-and-planet gear velocities, compound. Table 31. 172. 286 
simple. Table 30. 168. 2S5 
Symbols, lineal dimensions, 231—239 

angle, velocity and miscellaneous. 239—241 


Taper-key proportions. Table 14. 57. 256 
Test pin diameter, 211 

Thickness, chordal, of gear teeth, circular pitch. Table 3. 20, 2 
diametral pitch. Table 2, 19. 243, 244 
and spacing of gear teeth, measures of. 208—210 
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Thrust, axial, bevel-spiral gearing. 129. 130 
spiral gearing. 109. IIQ 

Tolerances, gear-iiole. A.&.'\I.A. siandard. Table 16. 62. 259 
pracncal niuits lor machining spiral-bevel gears. 137. 254: 

Tooth, contact, 27. 29 
demh. v-'hole. 14 


forms, 1-29 

heights, standard gear systems. Table 7. 2S. 249 
pressure companents, 11. 12. 242 
profile, active, 13 

proportions. A.G.hl.A.. discar.d gaare for, 209 
strength. 37-42 
Topland, v-idth, 2iS 


U 


Undercut gear teeth, 29 

avoiding in Vr-orm gearing, 122, 123 


Velocitv' factors. Table 11, 41, 252 


W 


IVear of gear teeth. 42-47 
internal gearing. 157-159 
Tl'earing qualities, spiral-bevel gears, 128 
"ItTiole-tooth depth, 14 

Williams s^cstem of internal geaiing, 150—162 

internal aear teeth, 150—152 
machining teeth, 161, 152 
Tjath. of tooth contact, 152 

Woodrun keys, for shaft diameters, Table loo. 59, 258 
special, Table loa, 59, 258 
standard. Table 15. 5S. 257 
Working formulas and txibles in gear design. 237-299 
Working stress, safe. Table 9, 39, 250 
Workhtg-tooih depth. 14 
Worm dimension limitations, 123. 124 
Worm-gear dimensions, special hob. 114 
Worm gearing. 111—125 
advance, 111 
center distance, 120 
design, example. 115 
dominating considerations, 116 
efficienc\-; 117. 118 
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Worm gearing, gear ratio, 120 
low. 121 
helix angle, 117 

industrial range, general. A.G.M.A.. Ill 
normal pitches and uiidereut teeth. 122, 123 
Worm gears, bronze. 205 
form factor. Tab.e 26. 120. 276 
formulas, standard. 113. 275 
types, 124. 125 
Worm hobs, 114 

rims, bronze, A.G.M.A. standard. Table 34. 205, 2Q2 
speed reducers. 1S2, 1S3 
Worms, diameter of, IIQ 
formulas, standard. 112. 274 
and gears, self-locking. 125 
strength of. 119 


h form factor, in newis formulas, 40 

spiral-bevel gear teeth. Table 29. 136, 2S3 
value of. Table 10, 40. 251 
worm gears. Table 26. 120, 276 




